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(57) ABSTRACT

According to one embodiment of the invention, there 1s
provided an N-port automatic calibration device comprising
N-ports, wherein each port 1s adapted to be coupled to a port
of an N-port multiport test set. The N-port automatic cali-
bration device comprises a single-pole, N-1 throw switch
having a single-pole coupled to a first port of the automatic
calibration device and having each throw of the N-1 throws
coupled to a corresponding port of the automatic calibration
device. In addition, the N-port automatic calibration device
comprises at least one single-pole, double-throw switch,
having a single-pole coupled to a second port of the N-ports
of the automatic calibration device, having a first throw
coupled to a first load impedance, and having a second throw
coupled to a throw of the N-1 throws of the single-pole, N-1
throw switch.

23 Claims, 43 Drawing Sheets
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MULTIPORT AUTOMATIC CALIBRATION
DEVICE FOR A MULTIPORT TEST SYSTEM

RELATED APPLICATIONS

This application claims priority under 35 U.S.C. §119(e)

to commonly-owned, co-pending U.S. Provisional Patent
Application Serial No. 60/233,596 entitled, “METHOD

AND APPARATUS FOR LINEAR CHARACTERIZA-
TION OF MULTI-TERMINAL SINGLE-ENDED OR
BALANCED DEVICES,” filed Sep. 18, 2000, which 1s
hereby incorporated by reference 1n 1t’s enfity.

FIELD OF THE INVENTION

This application relates to a method and apparatus for
characterizing multi-terminal linear devices operating in
several modes, and, 1n particular, to a method and apparatus
for measuring devices 1n any of unbalanced, balanced, and
multiple modes of operation.

DESCRIPTION OF THE RELATED ART

It 1s to be understood that according to this disclosure an
unbalanced device has one signal carrying terminal for each
single ended input and output of the device and operates in
the single ended mode. It 1s also to be understood that a
balanced device has two signal carrying terminals for each
balanced mput and output pair of the device and operates in
one of two modes, either a common mode (even mode) or
a differential mode (odd mode).

Signal integrity and its characterization 1s an 1ssue of
growling importance as digital networks increase 1n speed
and bandwidth. Traditionally, RF devices and digital devices
have had little 1n common. However, as digital signals
operate higher and higher 1n speed and approach a 1 gigabat
per second (hereinafter “Gb/s”) threshold, the digital signal
analysis tools and the RF signal analysis tools begin to
overlap 1n function and requirements. In addition, with
higher speed digital signals, the harmonic contents of the
digital signals are many times higher than a frequency of a
fundamental tone, which results 1n a need for greater pre-
c1s10n 1n connections between, for example, a device under
test (hereinafter “DUT”) and testing devices that character-
1ze these high speed digital DUTs.

A traditional differential time domain reflectometer
(hereinafter “TDR”) system, which has been used to test
digital DU'Ts, uses a step function as a driving signal to a
DUT. The step function signal 1s used because there 1s no
commercially available signal source that can generate an
impulse function, which 1s a preferred driving signal for
analog circuit characterization.

Due to the harmonic frequencies content 1n fast-rise-time
digital signals, one may think of high-speed digital circuits
or interconnections as transmission lines, and consider the
ciiects of, for example, retlected signals on the measurement
of these circuits and interconnections. However, frequency
domain instruments such as the Vector Network Analyzer
(heremafter “VNA”) that typically consider these effects
have not historically been used to measure such digital
circuits and interconnections. Instead, the differential TDR
has been used to characterize high-speed digital circuits and
components.

There are several reasons why the differential TDR has
traditionally been used. For one, time-domain representa-
fions of digital signals, such as state-to-state transitions,
need to be preserved and their signal characteristics as a
function of time need to be characterized. In addition, most
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devices and systems transmitting high-speed digital data use
differential signals, while most VNAs are designed for
single-ended or unbalanced, 2-terminal devices. However,
with increasing data rates, the dynamic range of a very
high-speed ditferential TDR system 1s often inadequate for
analyzing low-level signals such as crosstalk signals or the
signal components responsible for generating electromag-
netic interference (hereinafter “EMI”). In addition, the para-
sitic inductances and capacitances that exist in signal lines
and interconnections are generally 1gnored at lower data
rates, where traditional TDR systems have been used, but as
the data rates become significantly higher they can no longer
be 1gnored. Further, the traditional differential TDR systems
do not correct for the systematic sources of error in the
measurement equipment, nor do they support de-embedding

fixtures or interconnects used to characterize a DUT.

As 1s known to those of skill in the art, a complete
characterization of a single-ended linear 1-terminal or
2-terminal DUT can be achieved by measuring standard
S-parameters with a Vector Network Analyzer (hereinafter
“VNA”). A standard 2-port S-parameter matrix represents a
frequency domain representation of all possible signal paths
between any two terminals of a multi-terminal DUT, includ-
ing forward, reverse, transmission and reflection character-
istics of and between the two terminals of the DUT.

One known procedure for measurement of a multi-
terminal DUT with a commercially available 2-port VNA, 1s
to connect each port of the VNA to 2-terminals of the
multi-terminal DUT, and to terminate the rest of the termi-
nals of the multi-terminal DUT with high quality matching
terminations. The 2-port VNA 1s used to measure or char-
acterize the 2-terminals of the multi-terminal DUT with the
remainder of the terminals terminated. This procedure is
then repeated wherein two additional terminals of the multi-
terminal DUT are measured and the remainder of the ter-
minals are terminated with the high quality matching
terminations, until all of the terminals of the multi-terminal
DUT have been measured. Once all the terminals of the
multi-terminal device have been measured, the plurality of
2-port measurements made by the VNA are then processed
to obtain the S-parameters of the multi-terminal DUT. This
procedure 1s described, for example 1n the related art portion
of U.S. Pat. No. 5,578,932 1ssued to the applicant of this
application, which 1s herein incorporated by reference in 1its
entirety.

As was described 1n Combined Differential and Common-
Mode Scattering Parameters: Theory and Simulation, David
G. Bockelman and William R. Eisenstadt, IEEE Transac-
tions on Microwave Theory and Techniques, Vol. 43, No. 7,
July 1995 (hereinafter “the Bockelman IEEE Article”). The
standard S-parameters can be extended to mixed-mode
S-parameters (hereinafter “S, ) that characterize the linear
performance of balanced devices. The mixed-mode
S-parameter matrix [S_ |are similar to conventional signal-
ended S-parameter matrix [S] in that the [S_ ] characterize
the stimuli and the response between any two terminals of a
DUT. However, the [S_ ] also considers the stimulus and
response mode of operation, 1n addition to the stimulus and
response port.

Referring to FIG. 1(a), as is known to those of skill in the
art, the single-ended 2-port [S] are defined in the format S,
with yz representing the response and stimulus ports, respec-
tively. Referring now to FIG. 1(b), the mixed-mode
S-parameter matrix [S, | for balanced devices are defined

as S with wx representing the additional response and

stimulus modes of the DUT. The [S,,.,.] of FIG. 1(b) can

characterize the linear performance of a balanced 2-terminal
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device. As with single-ended S-parameters [ S], each column
represents a different stimulus condition and each row
represents a different response. In addition, the [S, | matrix
can be divided mto four quadrants, and the DUT can be
considered a 2-port device operating 1n pure and conversion
modes of operation, as illustrated in FIG. 1(b).

Referring to FIG. 1(b), the upper left-hand quadrant
describes the behavior of the DUT when it 1s stimulated with
a differential-mode signal and a differential-mode response
1s observed. This quadrant consists of four parameters:
reflection parameters S, ., S, ..~ on both balanced termi-
nals one and two of the 2-terminal DUT and transmission
parameters S, ..., S, 1 forward and reversed directions
between terminals one and two of the 2-terminal DUT. Thus,
this quadrant describes the performance characteristics of a
2-terminal DUT operating in the differential mode.

The lower right quadrant describes the behavior of the
DUT when 1t 1s stimulated with a common-mode signal and
a common-mode response 1s observed. This quadrant also
consists of four parameters: reflection parameters S__ .,
S_.,- on both balance terminals one and two of the DUT and
fransmission parameters S_ .., S__;, 1n the forward and
reverse directions between terminals one and two. This
quadrant describes the fundamental performance character-
istics of a 2-terminal DUT operating 1n the common-mode.
It 1s to be appreciated by one of skill in the art that 1f one
objective 1s to reduce the level of common-mode signals in
a DUT, these parameters can be used to analyze the DUT
behavior. In addition, common-mode rejection of the DUT
1s often of interest, and 1t can be calculated by taking a ratio
of a differential-mode gain, S,,.,, to the common-mode
gain, S_.,;.

The lower left quadrant of FIG. 1(b) describes the behav-
1or of the DUT when 1t is stimulated with a differential-mode
signal and a common-mode response 1s observed. The
S-parameters of this quadrant show how the DUT converts
a differential-mode signal to a common-mode signal. Again,
it 1s possible to examine reflections on each terminal and
transmission of a signal in the forward and reverse directions
in this mode of operation. It 1s to be appreciated that in a
perfectly symmetrical balanced device, there should be no
conversion between the differential mode and the common
mode and all of these S-parameters should be zero.

This lower left quadrant 1s useful for describing the
behavior of the DUT, for example, because any asymmetry
in a DUT may result in an 1imbalance in an amplitude of
signals on each side of a balanced pair of terminals of the
DUT, or 1n a phase skew. A conversion of a stimulus signal
from a differential-mode to a common-mode may, for
example, cause signals to appear on ground returns in the
DUT and can result in generation of electromagnetic inter-
ference (hereinafter “EMI”). In high-speed digital signal
devices, any imbalance 1n the DUT can also result in
degradation of bit-error rates (hereinafter “BERs”).

The upper right quadrant of FIG. 1(b), describes the
behavior of the DUT when 1t 1s stimulated with a common-
mode signal and a differential-mode response 1s observed.
These S-parameters characterize how the DUT converts a
common-mode signal to a differential-mode signal. The
mixed mode S-parameters 1n the upper right quadrant also
characterize reflections on each terminal and transmaission 1n
a forward and reverse directions between terminals one and
two of the DUT. Again, 1t 1s to be appreciated that if a
balanced DUT 1s perfectly symmetrical, there will be no
conversion between these modes, and all of these terms
should be zero.
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As discussed above, any conversion of a signal from a
common-mode to a differential-mode may cause the DUT
and any system that the DUT 1is to be used, to be susceptible
to EMI. For example, noise that couples into the DUT and
system from power supplies, ground connections, and the
like may generally be imtroduced as a common-mode signal.
If this common-mode noise signal 1s converted to the
differential-mode, 1t may be superimposed on the actual
DUT signal and degrade its signal-to-noise ratio. Therefore,
the mode-conversion behavior of the DUT from common to
differential mode may result 1n the DUT being susceptible to
sources of noise and interference.

Accordingly, mode-conversion 1s one phenomenon that
should be considered when examining the signal integrity of
balanced DUTs. However, since these signals are ideally
zero, the dynamic range provided by a conventional ditfer-
ential TDR systems 1s typically not sufficient.

It 1s to be appreciated that the tremendous growth of, for
example, the Internet and the increasingly faster processing
speed of computers and other digital devices 1s moving more

products 1nto the domain of high-frequency data transmis-
sions. Uncorrected sources of error in current test instru-
ments may have been acceptable for lower data rate devices,
but are no longer acceptable as the data rates of these devices
are increasingly pushed higher. In addition, much of the test
equipment used to characterize these digital devices provide
scalar data. However, scalar data does not include enough
information to adequately characterize and remove the
sources of error. Further, these traditional test devices have
1ssues of dynamic range and also may often provide an
excessive amplitude incident signal to the DUT being tested.

SUMMARY OF THE INVENTION

Accordingly to one aspect of some embodiments of an
N-port automatic calibration device of the invention, there 1s
provided a simpler device having improved performance.

According to one embodiment of the invention, there 1s
provided a N-port automatic calibration device comprising
N-ports, wherein each port 1s adapted to be coupled to a port
of a N-port multiport test set. The N-port automatic calibra-
tion device comprises a single-pole, N-1 throw switch
having a single-pole coupled to a first port of the automatic
calibration device and having each throw of the N-1 throws
coupled to a respective port of the automatic calibration
device. In addition, the N-port automatic calibration device
comprises at least one single-pole, double-throw switch,
having a single-pole coupled to a second port of the N-ports
of the automatic calibration device, having a first throw
coupled to a first load impedance, and having a second throw
coupled to a throw of the N-1 throws of the single-pole, N-1
throw switch.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects and advantages will be
more fully appreciated from the following drawing 1n which:

FIG. 1(a) illustrates a single-ended, 2-port S-parameter
matrix 18 known to those of skill in the art;

FIG. 1(b) illustrates a mixed-mode, S-parameter matrix
for balance devices that 1s known to those of skill 1n the art;

FIG. 2 illustrates one embodiment of a multiport test
system according to this disclosure;

FIG. 3 1llustrates an embodiment of a 4-terminal multiport
test system according to this disclosure;

FIG. 4 illustrates an embodiment of a 9-port multiport test
system comprising three test and one referenced channel
receiver, according to this disclosure;
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FIG. 5(a) illustrates an embodiment of a 6-port multiport
test set comprising two test and one referenced channel
receiver, according to this disclosure;

FIG. 5(b) illustrates another embodiment of a 6-port
multiport test system comprising three test and one refer-
enced channel receiver, according to this disclosure;

FIG. 6 1llustrates one embodiment of an N-port calibra-
tion device as known to those of skill in the art;

FIG. 7 1illustrates one embodiment of a single-pole,
double-throw switching device used 1n an embodiment of an
N-port automatic calibration device, according to this dis-
closure;

FIG. 8(a) illustrates one condition of the single-pole,
double-throw switch of FIG. 7;

FIG. 8(b) illustrates a second condition of the single-pole,
double-throw switch of FIG. 7;

FIG. 8(c) illustrates a third condition of the single-pole,
double-throw switch of FIG. 7;

FIG. 8(d) illustrates a fourth condition of the single-pole,
double-throw switch of FIG. 7,

FIG. 9 1llustrates the difference 1n phase presented by the
single-pole, double-throw switch of FIG. 7 at a common
input arm when operating in the third and fourth conditions;

FIG. 10 illustrates a reflection loss of the single-pole,
double-throw switch of FIG. 7 when operating in the fourth

condition;

FIG. 11 illustrates a schematic representation of a com-
bined single-ended transmission line and a balanced trans-
mission line, according to this disclosure;

FIG. 12 illustrates a schematic of the DUT of FIG. 11 with

alternative port assignments of a 6-port MTS to the DUT of
the FIG. 11;

FIG. 13 illustrates a schematic diagram of a balun DUT
and one example of a port assignment, according to this
disclosure;

FIG. 14 illustrates a schematic diagram of a two dilfer-
ential transmission line DUT and an exemplary port
assignment, according to this disclosure;

FIG. 15 1llustrates an embodiment of a 4-pair differential
transmission line DUT and one exemplary port assignment,
according to this disclosure;

FIG. 16 1illustrates one example of assigning terminal
numbers for input and output ports of a differential pair of
transmission lines, according to this disclosure;

FIG. 17 1illustrates one example of assigning terminal
numbers for mput and output ports of a differential pair of
transmission lines, according to this disclosure;

FIG. 18 illustrates mixed-mode S-parameter measure-
ments of a differential pair of transmission lines such as
illustrated 1in FIG. 16, with an embodiment of a multiport test
system of this disclosure;

FIG. 19 illustrates a time-domain impulse response rep-
resentation of the mixed-mode S-parameters of FIG. 18;

FIG. 20 1illustrates the pure differential forward transmis-
sion time-domain i1mpulse response of the time-domain
representation of FIG. 19;

FIG. 21 1llustrates the transmission time-domain 1impulse
response of a 3.35 Psec loss-less transmission line that is
simulated according to an embodiment of an MTS of this
disclosure;

FIG. 22 illustrates a pure differential forward transmission
fime-domain step response of the FIG. 18;

FIG. 23 illustrates the transmission time-domain step
response of a 3.35 psec loss-less transmission line that is
simulated according to an embodiment of an MTS of this
disclosure;
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FIG. 24(a) illustrates a pure differential reflection time-
domain step response of the differential transmission line
according to an embodiment of the multiport test set of this
disclosure;

FIG. 24(b) illustrates pure differential impedance profile
of the differential transmission line according to an embodi-
ment of the multiport test set of this disclosure;

FIG. 25 1llustrates a stmulated input waveform that can be
provided according to an embodiment of the multiport test
set of this disclosure;

FIG. 26 1llustrates a simulated output response of a
differential transmission line 1n response to the simulated
input signal of FIG. 25, according to a multiport test set of
this disclosure;

FIG. 27 1llustrates another example of a simulated input
form according to a multiport test system of this disclosure;

FIG. 28 illustrates a simulated output response of the
differential transmission line in response to the simulated
mput signal of FIG. 27, according to an embodiment of a
multiport test set of this disclosure;

FIG. 29 illustrates another embodiment of a simulated
input signal that can be provided with an embodiment of a
multiport test set according to this disclosure;

FIG. 30 illustrates a simulated output response of a
differential transmission line in response to the simulated
input response of FIG. 29, according to an embodiment of
the multiport test system of this disclosure;

FIG. 31 1llustrates an eye diagram which can be provided
according to an embodiment of a multiport test system of
this disclosure;

FIG. 32 1llustrates another embodiment of an eye diagram
of a differential transmission line DUT at an increased data
rate, that can be simulated with an embodiment of a multi-
port test system of this disclosure;

FIG. 33 illustrates mixed-mode S-parameters of a differ-
ential transmission line DUT cascaded with a 25 Psec
loss-less transmission line embedded at an output of the
DUT, that can be simulated with an embodiment of a
multiport test system of this disclosure; and

FIG. 34 illustrates an eye diagram of the differential
transmission line DUT embedded with the loss-less trans-
mission line of FIG. 33, that can be provided with an
embodiment of the multiport test system of this disclosure.

DETAILED DESCRIPTION

Numerous advantages, novel features, and objects of the
invention will become apparent from the following detailed
description of the mmvention when considered 1n conjunction
with the accompanying drawings. In the Fig.s, each
identical, or substantially similar component that 1s 1llus-
trated 1n various Fig.s 1s represented by a single numeral or
notation. For purposes of clarity, not every component 1s
labeled 1 every Fig., nor 1s every component of each
embodiment of the invention shown where 1llustration 1s not
necessary to allow those of ordinary skill in the art to
understand the invention.

It 1s to be understood that according to this disclosure an
unbalanced device has one signal carrying terminal for each
single ended 1nput and output of the device and operates in
the single ended mode. It 1s also to be understood that a
balanced device has two signal carrying terminals for each
balanced mput and output pair of the device and operates 1n
one of two modes, either a common mode (even mode) or
a differential mode (odd mode). It is further to be appreciated
that a multi-terminal device according to this disclosure is
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considered to be a device having more than two terminals.
For example, one balanced pair of a DUT may comprise two
signal terminals that may be coupled to two corresponding
ports of a vector network analyzer (hereinafter “VNA”).
Accordingly, a multi-terminal device can have more than
two connections to a VNA. Therefore, additional hardware
1s needed to connect a multi-terminal device to a 2-port
VNA. It 1s be understood that according to this disclosure,
a multiport test set (hereinafter “MTS”) is any test set that
1s used to measure a multi-terminal device having more than
two terminals and may comprise a 2-port VNA and addi-
tional hardware that couples a multi-terminal DUT to the
2-port VNA. However, 1t 1s to be appreciated that a 2-port
VNA need not be used. Instead a multiport VNA can be used
and an MTS according disclosure may comprise any mul-
tiport VNA having a same number of ports as a multi-
terminal DUT, and may also comprise a multiport VNA and
any hardware that may be used to couple the multi-terminal
device to the multiport VNA, where the multi-terminal
device has more terminals than the multiport VNA.

One aspect of some embodiments of the method and
apparatus for characterizing multi-terminal devices of this
disclosure 1s that there 1s provided an ability to measure
mixed-mode scattering parameters [S | of balanced
devices. In addition, another aspect of some embodiments of
the method and apparatus of this disclosure i1s that the
precision and accuracy provided by a VNA can be used to
measure and characterize digital devices under test
(heremafter “DUT”). Still another aspect of some embodi-
ments of the method and apparatus of this disclosure is that
a VNA may be used to provide characteristics and measure-
ments that previously were unavailable to engineers con-
cerned with signal integrity 1 high-speed digital systems.
Still another aspect of some embodiments of the method and
apparatus of this disclosure 1s that the results of a testing and
characterization of, for example, a balanced DUT can be
presented to the tester 1n either of the time domain or the
frequency domain.

As was discussed 1n the description of the related art, the
traditional differential time domain reflectometer
(hereiafter “TDR”) systems use a step function as a driving
signal to a DUT instead of an impulse function, which 1is
desired. This 1s to due to a lack of a source that can generate
an 1mpulse function, which is rich 1n harmonic content. In
other words, traditional TDR’s do not provide an impulse
function. A step response or an 1mpulse response or any
singularity response can be modeled 1n a traditional VNA.
However, the traditional TDR system and a traditional VNA
with a modeled step function driving signal each have
several disadvantages, some of which were described in the
description of the related art.

With the known TDR test systems the digital DUTs are
typically measured by injecting a known digital signal into
the DUT and measuring an output from the DUT. However,
there are limitations to TDR test systems, such as, the test
Instrument may not be able to provide an input signal having
all desired characteristics of the input signal. In addition,
such TDR systems typically have limits on stability and
accuracy when generating and measuring step signals.
Further, lack of dynamic range 1n the TDR instrument can
exacerbate or mask a presence of similar fluctuations
induced by the DUT. Still further, DUT amplitude limits
may be far different than operating levels of the TDR
instrumentation used. For example, the driving signal may
have to be attenuated to sate levels for the DUT, but this may
degrade a dynamic range of the TDR instrument and intro-
duce an additional component into the DUT test path that
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cannot be removed from a measurement with a TDR system.
Moreover, scalar receivers are used 1n such TDR
instrumentation, but scalar signals do not have enough
information to correct for systematic error coeflicients
mtroduced, for example, by interfaced equipment such as
test sets and test fixtures.

As 1s known to those of skill 1n the art, a characterization
of a single-ended linear 1-terminal or 2-terminal DUT can be
achieved by measuring standard S-parameters with a VNA.
It 1s to be appreciated that a multi-terminal DUT that 1s to be
measured at each terminal can be thought of as a series of
2-terminal measurements that can be measured with a 2-port
VNA. There are N(N-1)/2 2-terminal signal paths for a DUT
with N-terminals. For example, a 4-terminal DUT has six
possible signal paths between the four terminals of the DUT.
It can be appreciated that as a number of terminals of the
DUT increase, the number of signal paths increases signifi-
cantly. For example, an eight-terminal DUT has 28
2-terminal signal paths and a sixteen-terminal DUT has 120
2-terminal signal paths. Accordingly, it can be appreciated
that characterizing a multi-terminal DUT 1s becoming
increasingly more difficult, especially where multi-terminal
devices are becoming more common due to the use of
balanced topologies 1n digital systems.

One common approach for measuring multi-terminal
devices with a 2-port VNA 1s known as the “round-robin”
technique. Since only two terminals can be measured at a
time, the terminals that are not measured are terminated
preferably 1n a characteristic impedance that matches the

terminal so as to prevent reflections of the measurement
signal being used to characterize the DUT, back into the
DUT. Thus, the VNA 1s coupled to two terminals of the
multi-terminal DUT and the rest of the terminals are termi-
nated with preferably high quality terminations. The termi-
nated terminals and the terminals coupled to the VNA are
then rotated by a systematical procedure unfil all of the
terminals of the DUT have been measured. The multiple
2-terminal measurements are then processed to obtain the
final S-parameters [S] of the multi-terminal DUT.

However, one problem with this approach 1s that signals
reflected by the non-perfect terminations may still show up
at the measured terminals, especially at frequencies above
500 MHz. For example, because the terminal impedances of
the DUT rarely match the available terminations used to
terminate the terminals of the DUT, there typically results
reflected signals from these terminations. In addition, mul-
tiple connections and disconnections of the terminals of the
DUT to the VNA and to the terminations are made. Thus,
connector repeatability can contribute to measurement error.
Also, connector wear can be accelerated. Further, a potential
for operator error exists and increases with the number of
terminals of the DUT. Moreover, redundant measurements
are made with this procedure. An additional disadvantage of
measuring a multi-terminal DUT with a 2-port VNA com-
prises that any internal reflections from terminals with not
perfectly matched terminations can add significant error to
the measurement. This can be readily apparent in a DUT
with low terminal-to-terminal 1solation. In addition, multi-
plexing a VNA to a DUT with a plurality of terminals can
result 1n an insertion of additional multiplexing equipment 1n
the measurement pathways. Accordingly, the repeatability of
the multiplexing equipment can contribute to measurement
errors of the DUT. Further, different switch configurations
used for routing the measurement signals to the DUT can
present different impedances to the terminals of the DUT,
thus contributing to measurement error.

Thus, with the above-described round robin technique any
VNA error correction cannot include effects of unused
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terminals 1n the correction and the VNA relies on the quality
of the terminations on the unused terminals of the DUT to
suppress any reflected signals introduced by the unused
terminals. This problem can be accentuated at higher fre-
quencies. Also, many multi-terminal DUTs may not have an
impedance value that 1s a standard impedance value such as
50€2 or 75€2. In addition, terminating an unused terminal
with a non-standard termination may not be practical.
Further, 1t may be difficult to get accurate measurements of
the DUT due to the many connections and disconnections to
the multi-terminal DUT. Still further, the measurement accu-
racy can be degraded by multiple redundant reflection
measurements. For example, for a 4-terminal device each
reflection coefficient can be measured three times. However,
it 1s not readily apparent which measurement 1s the most
accurate without knowing the reflection coeflicient for each
termination and using a correction algorithm that incorpo-
rates all the VNA ports. Still further, the calibration of the
VNA and the measurement of the DUT can be time con-
suming and thus can be inefficient and impractical, for
example, 1n a production environment. Moreover, the pro-
cedure 1s prone to errors, and therefore there 1s a need for a

higher level of operator skill and experience.

It 1s to be appreciated that a characterization of a DUT
operating in any of a pure single ended mode, a differential
mode or a common mode can also be achieved by measuring
standards S-parameters [S]| with a VNA, and converting the
standard S-parameters to mixed-mode S-parameters [S, 1.
However, a multi-terminal DUT may also have a combina-
fion of single-ended and balanced terminals. Thus, 1n addi-
fion to pure single ended and pure balanced modes, there are
mode conversions between types of terminals of a multi-

terminal DUT.

However, additional problems with measuring a multi-
terminal DUT with a VNA are that there has been no general
solution for transtorming the S-parameters measured with a
VNA to multiple single-ended and multiple balanced param-
eters that can exist for a DUT. In addition, there 1s a lack of
testing tools for characterizing and measuring a signal
integrity 1n high-speed DUTs, since neither the known
differential TDR systems nor the known VNASs are adequate
in view of the above-discussed problems.

As known to those of skill in the art, a VNA s a frequency
domain apparatus that provides standard S-parameters [S]of
a DUT measured with the VNA. According to one aspect of
some embodiments of the method and apparatus of this
disclosure, a VNA may be used to measure and characterize
balanced DUTs and to provide characteristics of these
devices that have not previously been available to engineers
concerned with signal itegrity in high-speed digital sys-
tems. Nevertheless, while an S-parameter representation of
a DUTs performance can comprehensively characterize the
performance of a balanced or mixed-mode DUT, 1t 1s also to
be appreciated that a frequency domain S-parameter repre-
sentation does not directly indicate how the DUT 1s per-
forming to one of skill in the art in the signal integrity field.
This 1s because S-parameters provide a frequency domain
representation, while high-speed digital data signals for
digital DUTs are typically analyzed in the time domain.
However, according to one aspect of some embodiments of
the method and apparatus of this disclosure, a VINA can also
be conFig.d to transform the frequency domain
S-parameters to the time domain with a transform, such as,
an Inverse Fourier Transform.

Another aspect of some embodiments of the method and
apparatus of this disclosure takes advantage of the principle
that the product of two frequency-domain signals 1s equal to
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a convolution in the time-domain of the Inverse Fourier
Transform of these two frequency signals. Referring to
Equation (1):

Y(f)=5 21 (ﬁX(f) (1)

An input-driving signal X(f) in the frequency domain can
be applied to a linear circuit that has a known through
response S, (f) in the frequency domain, which has previ-
ously been characterized by a VNA, to determine an output
Y(f) of the DUT in the frequency domain. It is to be
understood throughout this disclosure that the frequency
domain is represented by (f) and the time domain is repre-
sented by (t). Where the input driving signal X(f) has a unity
amplitude as 1t 1s swept 1 frequency over a frequency range
of interest for testing a DUT, the output Y()=S,,(f), where
X(H)=1. It 1s known to those of skill in the art that an input
driving signal having a unity amplitude 1n the frequency
domain corresponds to a unit impulse function d(t). Thus,
taking an inverse for a transform of Equation (1) where the
input signal 1s the unit impulse function d(t), results in the
output signal in the time domain y(t)=s,,(t), which is a
complete characterization of the DU'Ts forward transmission
coefficient in the time domain when the input signal x(t) is
the unity impulse function d(t). Thus, the time domain
response of a DUT can be determined from the convolution
of the measured S-parameter data of the DUT with the
impulse function. In other words, the forward transmission
coefficient s, (1) 1s the time-domain impulse response of the
DUT. In a similar manner, 1t 1s to be appreciated that the
time-domain 1impulse response of the reflection coeflicients
S.., S,, and the reverse transmission coefficient S, of the
measured S-parameters of a 2-terminal DUT can be deter-
mined by a similar convolution procedure.

According to one aspect of some embodiments of the
method and apparatus of this disclosure, a VNA can be used
to measure the S-parameters of a DUT, and the time-domain
reflection (hereinafter “TDR”) response and the time-
domain transmission (hereinafter “TDT”) response of the
DUT can be determined by taking the Inverse Fourier
Transtorm of the S-parameters of the DUT measured with a
VNA. It 1s to be appreciated that the TDR response responds
to the reflection coefhicient, e.g., S,,, S,,, for a 2-terminal
DUT, and the TDT response corresponds to the transmission
coellicients, e.g., S, ,, S,,, of the 2-terminal DUT.

As will be apparent from the detailed disclosure infra,
some embodiments of the method and apparatus of this
disclosure provide the following advantages over conven-
fional VNA and TDR measuring devices for the character-
ization of multi-terminal DUTs and, in particular, multi-
terminal mixed-mode, high-speed, digital DUTs. One
advantage of some of the embodiments of the method and
apparatus of this disclosure is that a comprehensive correc-
tion routine for a multiport VNA can be provided to enhance
an accuracy of S-parameter measurements of a DUT made
with the multiport VNA. Another advantage of some
embodiments of the method and apparatus of this disclosure
are that any of the following are reduced to a number of
connections between the DUT and a VNA, a time needed to
calibrate a VNA or measure the DUT, operator experience
and skill, and effort used for calibration of a multiport VNA.
Thus, there 1s provided an increased efficiency of calibration
of a multiport VNA with some embodiments of a multiport
VNA and multiport calibration device of this disclosure.
Still another advantage of some embodiments of the method
and apparatus of this disclosure 1s that there 1s provided a
ogeneral solution for determining single-ended, balanced, and
mixed-mode S-parameters for any terminal configuration of




US 6,614,237 B2

11

a multi-termial DUT. Still another advantage of some
embodiments of the method and apparatus of this disclosure
1s that signal-integrity parameters and, in particular,
parameters, such as, the time domain response to a singu-
larity function of the DUT are provided to analyze the
performance of the high-speed, digital, DUT.

According to another aspect of some embodiments of the
method and apparatus of this disclosure, the mixed-mode
S-parameters [S, | of a DUT as determined by a multiport
VNA of this disclosure, can be converted from the frequency
domain to the time domain, for example, with an Inverse
Fourier Transform. One aspect of some embodiments of the
method and apparatus of this disclosure 1s that once the
time-domain impulse response of the digital DUT 1s known,
an output response of the DUT to any digital input waveform
can be determined by a convolution of the imput digital
waveform with the time-domain 1mpulse response of the

DUT, according to a Discrete Time Convolution Transfor-
mation. Still another aspect of some embodiments of the
method and apparatus of this disclosure 1s that any digital
input wavelorm can be synthesized. For example, the
impulse function, as discussed above can be provided as the
input waveform or, for example, known 1mbalanced condi-
fions can be provided as the input waveform to the digital
DUT.

Another advantage of some embodiments of the method
and apparatus of this disclosure 1s that a very high dynamic
range can be attained with the multiport VNA of this
disclosure. Still another advantage of some embodiments of
the method and apparatus of this disclosure is that the
S-parameters of the digital DUT can only be measured once
to fully characterize the digital DUT. Still another advantage
of some embodiments of the method and apparatus of this
disclosure 1s that the DUTs response under various input
signal conditions can be evaluated rapidly, and a comparison
of the DUTs response for different input waveforms can be
performed ecasily.

Referring now to FIG. 2, there 1s 1llustrated one embodi-
ment of a multiport test system (hereinafter “MTS”) accord-
ing to this disclosure. The MTS comprises N-ports. Each

port has a respective signal separation device 107, 108 . . .
109,118 . . . 117, and 116 and 1s coupled to a VNA receiver

104, 105 . . . 106, 115 . . . 114, and 113. The MTS also
comprises a signal generator 100 that generates the test
signals used to test a DUT 128, and a coupler 101 that
couples the test signal as a reference signal to a reference
channel receiver 102. The signal generator also provides the
test signal to a single pole, multi-throw switch 103, that
routes the test signal to any of the N-terminals of the MTS
and the N-terminals of the DUT. Each output of the single-
pole, multi-throw switch 103 1s coupled to a corresponding,
single-pole, double-throw switch 110, 111 . . . 112, 121 . ..
120, and 119. According to one alternative embodiment of
the MTS, N single-pole, double-throw switches can be
integrated 1nto switch 103 such that switch 103 1s an
absorptive type switch. Thus, the test signal can be fed to
any terminal of the DUT 128 with an appropriate switch
conilguration.

FIG. 2 1llustrates, by way of example, that the test signal
can be fed to terminal 1 of the DUT while all other terminals
of the DUT are terminated into corresponding single-pole,
double-throw switch terminations 123, 124, 125, 126, and
127 of the single-pole, double-throw switches 111, 112, 119,
120, and 121.

According to one aspect of this embodiment of the MTS
of this disclosure, each pole 129, 130, 131, 132, 133, and
134 of each single-pole double-throw switch 110-112 and
119-121 1s connected to a corresponding signal separation
device 107-109 and 116-118. According to this
embodiment, there are a same number of signal separating
devices as there are ports of the MTS. It 1s to be appreciated
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that this embodiment of the MTS enables both reflected and
transmitted signals from the DUT coupled to the MTS to be
measured simultaneously.

FIG. 2 illustrates, by way of example, one mode of
operation of the MTS 1n which all terminals, except terminal
1 of the DUT which 1s coupled to the signal 100 by
single-pole, double-throw switch 110 and single-pole, multi-

throw switch 103, are terminated by respective internal
loads 123, 124, 125, 126, and 127 which are coupled to

respective poles 130, 131, 132, 133, and 134 of respective
single-pole, double-throw switches 111-112 and 119-121.

Thus, FIG. 1 1illustrates by way of example that the test
signal has been routed to terminal 1 of the DUT 128 and that
all other terminals of the DUT have been terminated. It 1s to
be appreciated that according to this embodiment of the
MTS, the load match presented by the internal loads of the
MTS to the terminals of the DUT will remain the same
throughout an entire measurement sequence of the DUT,
except for the condition where the mcident signal 1s routed
to a particular terminal of the DUT (in the illustrated case,
terminal 1 of the DUT).

It 1s understood by those of skill in the art that the DUT
128 can be measured by the MTS of FIG. 2 over a desired
signal frequency range of characterization, by providing the
test signal by signal generator 100 and sweeping the test
signal over the desired frequency range of test of the DUT.
In response, a ratio of the measured signals with the MTS to
the reference channel signals can be measured at each
terminal of the DUT. With this embodiment of the MTS of
this disclosure, 1t 1s to be appreciated that an efficiency of
measurement of the DUT 1s maximized by presenting a
single sweep of the test signal to each terminal of the DUT.
Each receiver channel 104-106 and 113—-115 can be com-
pared to the reference channel 102 during the test signal
sweep. In addition, reflection of the test signal from the
incident terminal and the transmission of the test signal from
the incident terminal to all of the terminals can be obtained
simultaneously.

Thus, according to some embodiments of the method and
apparatus of this disclosure, an MTS may have a same
number of test channels as there are DUT terminals. For
example, a 4-terminal DUT can be coupled to a 4-port MTS.
As known to those of skill 1n the art, a 4-terminal DUT has
sixteen standard S-parameters that characterize the DUT 1n
a single-ended or unbalanced mode. With a 4-port MTS
having the same number of ports as a 4-terminal DUT, the
test signal need only be swept across the frequency range of
interest and provided as an incident signal to each of the four
ports, one sweep for each port for a total of four sweeps. At
cach sweep of the test signal, a set of four test to reference
channel measurements can be made by the four port MTS.
Thus, with four frequency sweeps of the test signal generator
over the desired frequency range of measurement of the
DUT, all sixteen S-parameters can be measured. It 1s to be
appreclated that according to some aspects of this
disclosure, the configuration of the MTS of FIG. 2 1is
preferred.

However, 1t 1s to be appreciated that as the number of
terminals of a DUT increase, 1t becomes economically
unfeasible to have the same number of MTS test channels as
DUT terminals. For example, it becomes economically
unfeasible to continue adding receiver test channels.
Moreover, commercially available VNAs typically have a
fixed number of channels, which may not be conFig.d to
accommodate increasing number of terminals on a DUT. To
overcome this limitation, according to some embodiments of
the method and apparatus of this disclosure the test channels
of the MTS can be shared during measurement of the DUT.

Referring now to FIG. 3, there 1s 1llustrated a 4-terminal
MTS according to another embodiment of the method and
apparatus of this disclosure. The 4-port MTS of FIG. 3
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comprises shared test channels 202, 203. With this
arrangement, ports 1, 2, 3 and 4 of the MTS are coupled to
respective terminals 1,2, 3 and 4 of the DUT and ports 1 and
2, and ports 3 and 4 of the MTS share a respective receiver
channel 202, 203. According to this embodiment, a double-

pole, double-throw switch 200 multiplexes the test channel
202 between ports and 1 and 2 of the MTS. In addition, a
double-pole, double-throw switch 201 multiplexes the test
channel 203 between ports 3 and 4 of the MTS. Each port

of the MTS has 1ts own signal separation device 2035, 206,
207, and 208 that 1s multiplexed to the corresponding test

channel via the respective double-pole, double-throw switch
200, 201. This embodiment of the MTS also comprises a
signal generator 209 that provides the test signal used to test
the DUT, and a coupler 210 couples the test signal as a
reference signal to a reference channel 211. The signal
generator 209 also provides the test signal to a single-pole,
multi-throw switch 212 that routes the test signal to any of
the ports of the MTS.

With the embodiment of the MTS of FIG. 3, at each sweep
of the test signal, a set of two test-to-reference-channel
measurements can be made by the MTS. Thus, with a total
of eight sweeps over the frequency range of interest of the
test signal, all sixteen S-parameters of the DUT can be
measured. However, 1t 1s to be appreciated that this embodi-
ment has a reduced measurement speed of the DUT as
compared to the embodiment of FIG. 2 1f the same source
and receiver assemblies are used 1n both embodiments.

It 15 also to be appreciated that according to one aspect of
this embodiment of the MTS, an attenuation of the test
signal from each DUT terminal to a respective test channel
via respective multiplexing switches 200, 201, should be
higch enough to mitigate any affects of 1mpedance changes
when a switch position 1s changed. According to this
embodiment, this 1s accomplished by providing the switches
200, 201 after the signal separating devices 205-208.
However, the attenuation provided by this arrangement can
also affect a transmission dynamic range of the MTS system.
The reduction in transmission dynamic range 1s dependent
on the swept frequency range. For example, a typical
reduction 1n transmission dynamic range 1s approximately
1.5 dB to 9 GHz, 2.5 dB to 20 GHz, and 4.5 dB to 50 GHz.
Nevertheless, the reduction 1n reflection dynamic range 1s
insignificant because the change in 1impedance caused by the
different states of the switch are masked by the 1solation of
the signal separation devices and the match that 1s provided
by the switch. Therefore, a load match provided by this
embodiment of the MTS does not significantly change by
multiplexing test channels 202, 203 to the DUT terminals
with switches 200, 201.

In addition, 1t 1s to be appreciated that one advantage of
this configuration of the MTS of FIG. 3 1s that 1t 1s scalable
to any number of ports, without added complexity to its
systematic error correction methodology. For example, FIG.
4 1llustrates a 9-port MTS 20 that comprises four total
channels, one reference channel 102 and three test channels
27, 28 and 29. The three test channels are multiplexed by a
plurality of single-pole, three-throw, absorptive-type
switches 21, 22, 23, 24, 25, 26, and 48 to ports 1-9 of the
MTS 20, and thus to terminals 1-9 of a DUT 49. Thus, the
9-port MTS of FIG. 4 comprises shared test channels 27, 28
and 29. This embodiment of the MTS also comprises the
signal generator 100 that provides the test signal for testing
the DUT 49, and a coupler 101 that couples the test signal
as a reference signal to the reference channel 102.

With this arrangement, ports 1-3, 4-6, and 7-9 of the
MTS share a respective receiver 27-29. According to this
embodiment, a combination of single-pole, three-throw,
absorptive-type switch 21 and single-pole, three-throw,
absorptive-type switches 22, 23 and 24 multiplex the signal
source 100 to corresponding ports 1-3, 4—6, and 7-9 of the
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MTS and to the corresponding terminals of the DUT. Each
port of the MTS has 1ts own signal separation device 11, 12,

13, 14, 15, 16, 17, 18, and 19 that 1s multiplexed to one of
the three test channels 27, 28 and 29, by corresponding

single-pole, three-throw, absorptive-type switches 25, 26

and 48.
With this embodiment 20 of the 9-port MTS of FIG. 4, at

cach sweep of the test signal, a set of three test-to-reference-
channel measurements can be made by the MTS. In other
words, at each sweep of the test signal, the ratios A/R, B/R
and C/R can be determined over the frequency range of

interest of the test signal. As 1s understood by one of skill in
the art, a 9-port DUT comprises eighty-one total
S-parameters that characterize the 9-port DUT. Accordingly,
with this arrangement of the 9-port MTS, all eighty-one
S-parameters of the 9-port DUT can be measured with a total
of twenty-seven sweeps of the test signal.

It 1s to be appreciated that the systematic error calibration
methodology of the embodiment of FIG. 3 can be repeated
to accommodate the additional ports of the 9-port embodi-
ment of the MTS of FIG. 4. In other words, the same
calibration methodology can be used without any additional
calibration methodology to accommodate different switch
conilgurations that have been added by the 9-port embodi-
ment of the MTS.

It 1s also to be appreciated that according to another aspect
of some embodiments of the MTS apparatus and method of
this disclosure, a plurality of optimized MTS configurations
can be provided for any DUT having any number of termi-
nals. According to this aspect, an optimized embodiment of
an MTS exists 1if a number of terminals of the DUT 1s
divisible by a number of test channels of the MTS, and an
equal number of terminals of the DUT are allocated to each
test channel of the MTS.

For example, a DUT having six terminals can be mea-
sured by an optimum MTS of this disclosure having any of
two, three or six test channels. Referring to FIG. 2, there 1s
illustrated one optimum embodiment of an MTS of this
disclosure. For example, the DUT 128 of FIG. 2 can be a
6-terminal DUT, and that the MTS can be a 6-port MTS.
Each terminal of the DUT 1s coupled to a respective port of
the MTS and thus to a respective test channel receiver
104-106, 115113, by a respective signal separation device
107-109, and 118-116. It 1s understood by one of skill 1n the
art that a 6-port DUT has a total of N, or in other words, a
total of thirty-six S-parameters that can be determined to
fully characterize the 6-port DUT. With the optimum
embodiment of the MTS of FIG. 2, it 1s to be appreciated that
for each sweep of the test signal provided by the source 101,
a total of six measurements of the test channel to the
reference channel or, in other words, measurement ratios
T./R, T,/R, T;/R, T,/R, T/R, and T,/R, can be determined
for each sweep of the test signal. Accordingly, by appropri-
ate switching of switches 103, 110-112 and 121-119, a total
of six sweeps of the test signal can be provided to measure
all thirty-six S-parameters of the 6-port DUT.

Referring to FIG. 5(a), there is illustrated another embodi-
ment of an optimum 6-port MTS 40 that can be used to
measure a 6-terminal DUT. This embodiment of an opti-
mized 6-port M'TS 40 comprises one reference channel 102,
two test channels 46 and 47, and a single pole, double-throw
absorptive-type switch 41 that switches the test signal output
by source 100 to one of two single-pole, three-throw
absorptive-type switches 51, 42. The single-pole, three-
throw absorptive-type switches 51, 42 switch the test signal
to one of the 6-ports of the 6-port MTS that are coupled to
respective terminals of the 6-port DUT 45 (in FIG. 5(a) the
test signal 1s represented as provided to port one of the MTS
and terminal 1 of the DUT). It is to be understood that with
this embodiment, for each sweep of the test signal provided
by the signal source 100, with the appropriate switching of
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single-pole, three-throw, absorptive-type switches 51, 42,
and single-pole, three-throw absorptive-type switches 43
and 44, a ratio of two test channel measurements (A/R and
B/R) can be determined. Accordingly, it is to be understood
that for each sweep of the test signal, two S-parameters of
the DUT can be determined. Therefore a total of eighteen
sweeps of the test signal can be provided by this embodi-

ment of the MTS to measure all thirty-six S-parameters of
the DUT.

Referring now to FIG. 5(b), there is illustrated another
embodiment 30 of an optimum 6-port MTS that can be used

fo measure a 6-terminal DUT. This embodiment of an
optimized 6-port MTS 30 comprises one reference channel
102, three test channels 27, 28 and 29, a single-pole,
three-throw absorptive-type switch 31 that routes a test
signal output by source 100 through three single-pole,
two-throw, absorptive-type switches 32, 33 and 34. The
single-pole, two-throw, absorptive-type switch 1n conjunc-
tion with single-pole three-throw switch 31 routes the signal
source 100 to any of the ports 1-6 of the MTS which are
coupled to corresponding terminals 1-6 of the DUT 435. It 1s
to be understood that with this embodiment of the MTS of
this disclosure, for each sweep of a test signal provided by
the signal source 100, three measurements of ratios of the
test channels 27, 28 and 29 to the reference channel 102
(A/R, B/R and C/R) can be provided by appropriate switch-
ing of the single-pole, two-throw, absorptive-type switches
32-34 and single-pole, two-throw, absorptive-type switches
35, 36 and 37. Accordingly, with this 6-port MTS, for each
sweep of the test signal provided by the source 100, there
can be measured three S-parameters of the DUT 435.
Therefore, with this embodiment of an optimized 6-port
MTS, a total of twelve measurements can be used to
determine all of the S-parameters of the DUT.
Accordingly, it 1s to be appreciated that there are a
plurality of embodiments of an optimized MTS that can used
to measure any N-terminal DUT. For the 6-terminal DUT
illustrated above, there are, for example, the 6-test channel
recerver 1llustrated in FIG. 2 which can measure all of the
S-parameters of the 6-terminal DUT with six frequency
sweeps of the test signal, the three test channel embodiment
of the MTS as illustrated in FIG. 5(b) where all of the
S-parameters of a 6-terminal DUT can be measured with
twelve sweeps of the test signal, and the 2-test channel MTS
illustrated in FIG. 5(a) where all the S-parameters of the
6-terminal DUT can be measured with eighteen sweeps of
the test signal. It 1s to be appreciated that criteria to provide
the various optimum embodiments of an MTS are maximiz-
ing the speed of the measurement by providing as many test
channel receivers as feasible, and providing a number of test
channels such that each test channel 1s used for each sweep
of the test signal. In other words, providing a number of test
channels so that no test channel 1s unused during any sweep
of the test signal or 1in other words, providing a number of

test channels that 1s divisible into the number of terminals of
the DUT.

U.S. Pat. No. 5,578,932 (hereinafter “the *932 patent™),
herein incorporated by reference 1n its entirety, discloses an
embodiment of an N-port calibration device. FIG. 6 of this
disclosure 1llustrates one embodiment of such an N-port
calibration device. It 1s to be appreciated that according to
one aspect of some embodiments of the method and MTS
apparatus of this disclosure, an N-port calibration device can
simply be coupled by a one-time connection of the N-port
calibration device to an N-port MTS, such as 1s illustrated in
FIG. 2, and the N-port calibration device can be used to
completely characterize the N-port MTS. It 1s also to be
appreciated that according to one aspect of some embodi-
ments of the method and MTS apparatus of this disclosure,
it 1s not necessary to have any pattern of connection between
the MTS and the N-port calibration device. In other words,
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any port of the N-port MTS can be connected to any port of
the N-port calibration device. In addition, according to
another aspect of some embodiments of the method and
MTS apparatus of this disclosure, a metrology laboratory
can characterize the N-port calibration device 1nto a collec-
tion of one and 2-port transfer standards to accurately
characterize the N-port calibration device prior to its being
used to calibrate an N-port MTS.

Referring to FIG. 6, there 1s illustrated an N-port auto-
matic calibration device as disclosed 1n the “932 patent. The
1-port error coetlicients for each port of the N-port MTS, can

be determined by presenting three reflection standards with
the N-port calibration device to each port of the N-port
MTS. The three reflection standard may be, for example, a
short, an open and a load reflection standard and may be
presented with single-pole, four-throw switches 301, 302,
303, 304 . . . 305 and 306 that comprise the N-port
calibration device. The automatic calibration device further

comprises a single-pole, multi-throw switch 310 comprising
a single pole 307 and N-1 throws 317, 318, 319, 320 . . .

321. An additional throw (a thru connection) 311, 312, 313,
314,315 ... 316 of each switch 301 . . . 306 can be coupled
to any of the single pole 307 and N-1 throws 317-321 of the
single-pole, multi-throw switch 310. For example, as 1llus-
trated in FIG. 6, the throw 311 of single-pole, four throw
switch 301 can be coupled to the pole 307 of single-pole,
N-1 throw switch 310, and the remainder of the throws
312-316 can be coupled to respective throws 317, 318, 319,
320 . .. 321 of single-pole, N-1 throw switch 310. It 1s to
be understood that according to one aspect of some embodi-
ments of the automatic calibration device of this disclosure,
the throws of the various single-pole, four-throw switches
need not be coupled to any particular pole or throw of the
single-pole, N-1 throw switch 310. In other words, any
through path throw of any of the single-pole, four-throw
switches 311-316 can be coupled to the single pole 307 or
any of the throws 317-321 of the single-pole, N-1 throw
switch.

As disclosed 1n the 932 patent, the 1-port error coelli-
cients at each port comprise a directivity coetficient E,,, a
source match coeflicient E¢; and a reflection tracking coel-
ficient E,,, where I=1, 2, . . . N and refers to the port number
of the MTS. It 1s to be appreciated that according to one
aspect of some embodiments of the MTS and automatic
calibration device of this disclosure, the three reflection
standards provided by the automatic calibration device need
not be a short, an open and a load. In contrast, the three
reflection coefficients can be any reflection value so long as
the three retflection coetlicients are well distributed through-
out the complex reflection plane.

For example, referring to FIG. 7, there 1s illustrated one
embodiment of a single-pole, double-throw switching
device 33 that can be provided in one embodiment of an
N-port automatic calibration device and method of this
disclosure, to provide three reflection coeflicients as well as
a through condition. In other words, FIG. 7 illustrates an
embodiment of a single-pole, double-throw switch 53 that
can replace any of the single-pole, four-throw switches
301-306 of FIG. 6. The single-pole, double-throw switch 53
comprises a common arm 34 and two output arms 35, 56.
The single-pole, double-throw switch further comprises a
plurality of FET devices 59, 60, 61, 62, 63 and 64. The
single-pole, double-throw switch of FIG. 7 1s normally
operated 1n one of two conditions. In the first condition, a
control voltage of —10V can be applied to control terminal
57 and a control voltage of +10V can be applied to control
arm 58. In this configuration, FETs 62, 64 and 60 are biased
to an off-state and FETs 61, 63 and 59 are biased to an
on-state. In this arrangement, the common arm 54 1s coupled
to the second output arm 56 as illustrated in FIG. 8(a). In one
embodiment of the single-pole double-throw switch 53, a
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termination resistance 39 can be provided at the second
output arm 56 of the switch 53, such that a termination
impedance can be presented by the switch to the common
arm 354 of the switch. The N-port calibration device oper-
ating 1n this condition provides one of the three reflection
coellicients to be presented by the N-port automatic cali-
bration device.

Referring again to FIG. 7, in a second condition of
operation of the switch 53, a control voltage of +10V can be
applied to first control terminal §7 of the switch 53 and a
control voltage of —10V can be applied to the second control

terminal 38 of the switch 53. With this arrangement, FETs
60, 64 and 62 are biased-on and FETs 59, 63 and 61 are
biased-off. With this arrangement, the common arm 54 of the
switch 53 1s coupled to the first output arm 355 of the switch
as 1s 1llustrated in FIG. 8(b). According to one embodiment
of an N-port calibration device comprising the single-pole,
double-throw switch 53, the output arm 55 can be coupled
to any of the pole 307 or any of the throws 317-321 of the
single-pole, N-1 throw switch 310 of the N-port calibration
device of FIG. 6. Accordingly, an N-port calibration device
of FIG. 6 comprising a plurality of switches 33 operating in
the second condition, can provide a through connection
between any two ports of the N-port calibration device.

Another aspect of an N-port calibration device comprising
the single-pole, double-throw switch 53 of FIG. 7, 1s that the
single-pole, double-throw switch 33 can be operated 1n a
third condition. In the third condition, a bias voltage of +10V
can be applied to both of control terminals 57 and 58. With
this arrangement, all of FETs 59, 60, 61, 62, 63 and 64 arc
biased to an on condition. Accordingly, with this arrange-
ment the common arm 54 1s coupled to both the first output
arm 55 and to the second output arm 56 as 1s illustrated 1n
FIG. 8(¢). In other words, a short circuit is provided between
the first output arm and the second output arm of the
single-pole, double-throw switch of FIG. 7. With this
arrangement, a short circuit can be provided to the common
arm 54 of the switch 53. Accordingly, an N-port calibration
comprising switches 53 operating 1n a third condition can
provide a second reflection coetlicient of the three reflection
to be presented by the N-port automatic calibration device.

Another aspect of an N-port calibration device comprising
the single-pole, double-throw switch 53 of FIG. 7, 1s that the
single-pole, double-throw switch 53 can also be operated in
a fourth condition, wherein a control voltage of —10V can be
applied to both the first terminal 57 and the second terminal
58 of the switch. With this arrangement, each of FETs 59—64
will be biased to an open state so that the common arm 54
1s 1solated from each of the first output arm 55 and the
second output arm 56, as is illustrated in FIG. 8(d). In other
words, an open circuit 1s provided between the first output
arm 355 and the second output arm 56. Accordingly, an
N-port calibration device comprising switches 53 and oper-
ating 1n the fourth condition can provide a third reflection
coellicient of the three reflection coefficients to be presented
by the N-port calibration device.

It 1s to be appreciated that one advantage of an N-port
calibration device comprising a plurality of the single-pole,
double-throw switches 53 of FIG. 7 that replace each of the
single-pole, four-throw switches 301-306 of FIG. 6, 1s that
three reflection standards provided by the N-port calibration
device to each port of the N-port calibration device, can be
well distributed throughout the complex impedance plane.
FIG. 9 1illustrates a difference 1n phase presented by the
single-pole, double-throw switches 53 at the RF common
input arm 54 when operating in the third and fourth condi-
fions or, 1n other words, between providing the short and
open conditions descrlbed above. It can be seen from FIG.
9, that a phase difference of substantially 180° exists over
the frequency range 30 kHz to 6 GHz. Accordingly, with this
arrangement, there exist a well distributed phase difference
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between the short condition and the open condition provided
by the single-pole, double-throw switch 33 and by this
embodiment of an N-port calibration device of this disclo-
sure. In addition, the third reflection standard 1s the matched
termination provided when the switch 1s operated in condi-
tion one described above, which will lie on a Smith chart
mid way between the open and short impedances. Therefore,
three reflection standards well distributed throughout the
complex impedance plane can be provided by the switch 53

of FIG. 7 incorporated into the N-port calibration device of
FIG. 6 as described above.

In addition, it 1s to be appreciated that an improved
reflection loss and an 1mproved amount of loss in the
through state can be provided by the single-pole, double-
throw switch 33 of FIG. 7. For example, the single-pole,
double-throw switch of FIG. 7 will have a lower loss 1n the
through condition (condition 2) as described above than a
single-pole, four-throw switch such as illustrated in FIG. 6.
For example, FIG. 10 1llustrates a reflection loss of the
single-pole, double-throw switch operating 1n the open
fourth condition. In contrast, the reflection loss of a single-
pole for throw switch typically has increased loss, for
example, because of additional FET devices connected to
the common arm than the single-pole, double throw switch
of FIG. 7.

According to another aspect of one embodiment of the
single-pole, double-throw switch 33 of FIG. 7, it 1s to be
appreciated that 1t has been observed that when operating the
switch 1n the fourth condition by applying —-10V to both
control terminals 57 and 58, a -2V operating voltage
appears at the common arm 54 of the switch. Accordingly,
according to one embodiment of the switch 53 and an N-port
calibration device of this disclosure, a blocking capacitor 66
can be provided at the common mput port 54 so as to protect
any circuitry that the N-port calibration device may be
coupled to. In addition, it 1s to be appreciated that according
to another aspect of the single-pole, double-throw switch 53
of FIG. 7, 1t has been observed that when operating the
switch 1n the fourth condition or, 1n other words, the open
circuit condition, circuit performance repeatability has been
observed to be 1improved by providing a resistor 65 having
a value of 47K£2 between the common mnput arm 54 and
oground. According to this embodiment of this disclosure, the
switch 533 can be provided with the resistor 65 so as to
improve repeatability of the switch with little effect on
transmission losses provided by the single-pole, double-
throw switch.

As disclosed 1n the "932 patent, a load match of each port
of the N-port MTS can be determined from one of the
S-parameters of the N(N-1)/2 through paths of the N-ports
of the calibration device, and the three 1-port error coelli-
cients directivity E,,, source match E., and reflection track-
ing E,, calculated at each port of the MTS. In addition, the
"032 patent discloses that an 1solation error coetfficient for a
twelve-term error correction model can also be determined.
However, 1t 1s to be appreciated that according to some
embodiments of an N-port calibration device of this
disclosure, the 1solation coefficient error term 1s omaitted.
While the 1solation coeflicient has been useful, for example,
with VN As which have limited switch 1solation, with newer
VNAs that have excellent switch 1solation, thls 1solation
error coeflicient can no longer be used and can actually
mtroduce more errors 1in determining an 1solation error
coellicient. In addition, 1t 1s to be appreciated that according
to some embodiments of an N-port calibration device of this
disclosure, only N-1 through measurements of the N-port
calibration device can be made to determine the load match
error coeflicients for each port of the N-port MTS.

It 1s to be appreciated that 1in order to determine systematic
error coetficients of an N-port MTS, according to one aspect
of some embodiments of an MTS of this disclosure the
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N-ports of the MTS can be considered as a combination of
N(N-1)/2 two port paths. For example, for the four-port
MTS illustrated 1n FIG. 3, the MTS has six 2-port signal
paths between ports: 1-2, 1—3 14, 2-3, 2-4 and 3—4. As

known to those skilled in the art and as discussed, for
example, 1n U.S. Pat. No. 5,578,932 herein incorporated by
reference 1n its entirety, the standard 2-port S-parameters can
be obtained for each of the six two port signal paths and a
standard twelve-term error correction can be applied to any
measurements made with the MTS to remove test system
errors. However, 1t 1s to be appreciated that although this

twelve-term error correction corrects for any mismatches
between the respective two terminals of the DUT and the
corresponding two ports of the MTS, 1t does not correct for
any mismatches between the same two terminals of the DUT
and the remaming ports of the MTS. Thus, one aspect of
some embodiments of the MTS of this disclosure 1s that the
reflection coefficients of each MTS port can be obtained
during calibration of the MTS, and can be used 1n conjunc-
tion with the reflection coeflicients of the DUT to correct for
all mismatches between the two terminals of the DUT and
any port of the MTS. It 1s also to be appreciated that 1n the
measurement of the N(N-1)/2 2-port paths, there are several
redundant systematic error coellicients that can be deter-
mined. According to another aspect of some embodiments of
the MTS of this disclosure, these redundant systematic error
coellicients can be eliminated. In addition, according to still
another aspect of some embodiments of the MTS of this
disclosure, some of the systematic error coefficients can be
determined according to an algorithmic process of this
disclosure instead of measuring the systematic error coefli-
cients.

The systematic error coeflicients of a 2-port VNA have
been described, for example, with respect to FIG. 7 of U.S.
Pat. No. 5,434,511 (hereinafter “the 511 patent™), which is
herein incorporated by reference in its enfirety. In addition,
the “511 patent discloses how the systematic error coelli-
cients can be determined for a 2-port VNA with the aid of
an automatic calibration device. It 1s to be appreciated that
in accordance with some embodiments of the method and
apparatus of this disclosure, an automatic calibration device
can be used to calibrate an N-port MTS, 1nstead of the
mechanical standards typically used in the art (as discussed
in the ’511 patent).

It 1s also to be appreciated that according to one aspect of
some embodiments of the method and apparatus of this
disclosure, an automatic calibration device i1s particularly
suited to embodiments of an MTS of this disclosure, where
an increase 1n the number of ports from 2-ports to N-ports
makes 1t impractical to carry out a manual calibration using
mechanical standards. In addition, additional benefits of
using an automatic calibration device with embodiments of
an MTS of this disclosure comprise: that all of the system-
atic error coeflicients of the MTS can be determined by
connecting an automatic calibration device once to the MTS;
a calibration accuracy of the MTS can be increased due to
a reduced amount of connections and disconnections of
calibration device to the MTS; a calibration time 1s lessened
since the calibration 1s automatic and needs little operator
involvement; there 1s less damage or wear to interface
hardware of the MTS and to the automatic calibration
device, such as cables and connectors, due to fewer con-
nections that may be made; and the calibration process is
less prone to operator error and does not require a high skill
set.

According to another aspect of some embodiments of the
method and apparatus of this disclosure, it 1s to be appre-
ciated that the transmission tracking error coefficients (some
of the overall systematic error coefficients) can be deter-
mined by N-1 through measurements, instead of the
N(N-1)/2 through measurements that have been done 1n the
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prior art, as was discussed above. For example, for a
four-terminal DUT, only three through measurements may
be made with certain conditions between any of the six
possible 2-terminal signal paths, and all six 2-terminal signal

paths 1-2,1-3,1-4, 2-3, 2—4 and 3—4 need not be measured.

One condition for measuring all of the transmission
tracking error coefficients of an N-port DUT with N-1
through measurements 1s the selection of N-1 2-terminal
paths of the DUT that includes all of the terminals. For
example, for the four-terminal DUT, 2-terminal through

paths that include all four terminals such as, 1-2, 1-3 and
14 can be selected. In contrast, 2-terminal paths 2-3, 24,

and 3—4 may not be selected 1f all of the transmission
tracking error coeflicients are to be measured by N-1
through measurements, because terminal 1 of the DUT has
been omitted from the selected two terminal paths.

Another possible condition for measuring all of the trans-
mission tracking error coeflicients of an N-port DUT with
N-1 through measurements (for DUTs with more than four
terminals) is that a bridging 2-terminal path is selected. For
example, referring to FIG. 14 there 1s 1llustrated an eight
terminal DUT. According to this aspect of this disclosure, an
cight terminal DUT can be characterized with seven
2-terminal path measurements. It 1s to be appreciated that the
cight terminal DUT can be considered two four-terminal
devices, with a first device comprising terminals 1, 2, 5 and
6 and a second device comprising terminals 3, 4, 7 and 8 as
illustrated 1n FIG. 14. According to the first condition
discussed above, the 2-terminal paths 1-2, 1-5, and 1-6 can
be selected for the first device and the 2-terminal paths 3—4,
3-7 and 3-8 can be selected for the second device, to
provide six of the seven 2-terminal paths. One additional
bridging 2-terminal path between the first device and the
second device can also be selected. For example, a bridging
2-terminal path can be any one of two terminal paths 1-3,
14,1-7,1-8, 23, 2-4,2-7, 2-8,3-5,3-6,4-5, 46, 5-7,
5-8, 67 and 68 between the first device and the second
device of FIG. 14.

Thus, one advantage of some embodiments of the MTS
and automatic calibration device of this disclosure 1s that a
full calibration of the MTS can be accomplished with fewer
through measurements than has previously been known.
This advantage can be especially important as the number of
ports of the MTS system 1ncreases. For example, it 1s to be
appreciated that a full through calibration of an eight-port
MTS with twenty-eight possible 2-port signal through paths
can be done according to some embodiments of this
disclosure, with only seven through measurements of the
twenty-eight two terminal through paths. Similarly, for a
16-port MTS, a full through calibration can be done with
only fifteen through measurements of a possible one hun-
dred and twenty 2-terminal through paths.

Accordingly, it 1s to be appreciated that according to one
aspect of some embodiments of this disclosure, the reflec-
tion tracking term error coefficients for the N(N-1)/2 2-port
paths can be calculated from N-1 through measurements.
For example, a four-port calibration device has a total of six
2-port paths. However, only three through paths can be
measured 1nstead of the six, and all of the calibration
coefficients of the MTS can still be determined. For a
four-port MTS as illustrated 1n FIG. 3, there are six 2-port
paths which are 1-2, 1-3, 1-4, 2-3, 24 and 3—4. However,
it 1s to be appreciated that according to some embodiments
of the MTS and automatic calibration device of this
disclosure, three of the six through paths, such as for
example, through paths 1-2, 1-3 and 1-4 can be measured.
Referring to equations (2)—(7), a complex variable K;;
between two ports of the six possible through paths of the

MTS can be defined as:
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Ep; (2)
Kip=——

Erio

Erj (3)
Kiz = —

Eris

Erj (4)
Ki41=——
H Eri4

Ep> ()
Kon = 12
3= g

Er> (0)
Koy = 12
%= g

Eps (7)
Ky = ——
7 Erss

In equations (2)—(7), the term E;p 1s the forward trans-
mission tracking coeflicients between ports P—Q, and the
term E;,p 18 the reverse transmission tracking coethcient
between ports P—Q. In addition, the term E,, where I refers
to a port number of the MTS, 1s the reflection tracking
coellicient for the corresponding port I=1, 2, 3, 4. It 1s to be
appreciated that all of the parameters on the right side of
equations (2)—(4) can be known where the through paths
1-2, 1-3 and 1-4 have been measured with the four-port
calibration device coupled to the four-port MTS. It 1s also to
be appreciated that according to some embodiments of the
method and apparatus of this disclosure, three of the six
through paths for a four-port MTS can be measured to fully
calibrate the MTS. Thus, 1t 1s to be appreciated that one
advantage of some embodiments of the method and appa-
ratus of this disclosure 1s that for a four-port MTS, three
through calibrations can be used to determine all six forward
and reverse tracking coefficients for the four-port MTS.

Referring to equation (8), the complex variable K
between ports 2 and 3 (K, 5)can be calculated from equatlons

(2) and (3).

Kis _ Erp
K12 Eps

3
Ky = (5)

Referring now to equation (9), from equations (5) and (8),
the forward transmission tracking coelfficient between ports

2 and 3, E . 1s given by:
Er2E7s3 ()
Epsz = —
Tiz2

Referring to equation (10), the reverse transmission track-
ing coethicient between ports 2 and 3 1s given by:

EpaERs

Era3

(10)

Ers =

Referring to equation (11), the complex variable K;;

between ports 2 and 4 (K.,,) can be calculated from equa-
tions (2) and (4).

Kia  Erp
K12~ Eru

11
Koy = (11)

Referring to equation (1), from equations (6) and (11), the
forward transmission tracking coefficient between ports 2
and 4 (E,,) is given by:
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EroETiy

Eriz

(12)

Erog =

Referring to equation (13), the reverse transmission track-
ing coeflicient between ports 2—4 1s given by:

EroEry

Era4

(13)

Ergr =

1ons (5), (6) and (7),

ficient E ., 1S given

Referring to equation (14), from equa
the forward transmission tracking coe

by:
ErsEp23 (14)
Er3q =
Loy
Referring to equation (15), the reverse transmission track-
ing coefficient between ports 3—4 1s given by:
EpsEpy (15)
Eryz = IS
T34

Thus, all of the forward and reverse transmission tracking
terms for the 2-port paths 2—3, 2—4 and 3—4 can be calculated
from the 1-port reflection tracking coelflicients at each port
of the MTS and from the forward and reverse transmission

tracking coefficients of the three 2-port paths 1-2, 1-3 and
14.

It 1s to be appreciated that according to some embodi-
ments of the method and apparatus of this disclosure, the
number of through measurements 1s minimized to N-1
through measurements 1in order to fully characterize the
N-port MTS. For example, for an eight-port M'TS which has
a total of twenty-eight 2-port through paths, there can be
seven through measurements, and three reflection standard
measurements at each of the ports to obtain all error cor-
rection coeflicients for the eight-port MTS including all
twenty-eight forward and reverse transmission tracking
coeflficients. Similarly, a 16-port MTS has a total of one
hundred and twenty possible 2-port paths. However, accord-
ing to some embodiments of the method and apparatus of
this disclosure, only fifteen through calibration path mea-
surements as well as three reflection standard measurements
at each port, can be measured to obtain all of the error
correction coeflicients including one hundred and twenty
forward and reverse transmission tracking coeflicients. It 1s
further to be appreciated that according to some embodi-
ments of the method and apparatus of this disclosure, N-1
of the possible N(N-1)/2 2-port through paths can be
measured. Therefore, 1t 1s an advantage of some of the
embodiments of the method and apparatus of this disclosure
that the complexity to calibrate a N-port MTS 1s greatly
reduced.

According to some embodiments of the method and
apparatus of this disclosure, a method of calibrating an
N-port MTS comprises connecting each port of an N-port
calibration device to a port of the N-port MTS, and present-
ing a plurality of calibration standards to the MTS with the
automatic calibration device. For example, a plurality of
reflection coetlicients comprising three reflection standards
are presented by the N-port calibration device to each port
of the MTS. From these measurements, a directivity E,,;, a
source match E.; and a reflection tracking coetficient E,; can
be determined for each port of the MTS. In addition, a
minimum of N-1 2-port through conditions are presented by
the N-port calibration device to the N-port MTS and are
measured by the MTS. From these measurements, the load
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match coellicient for each port of the N-port of the MTS can sponding 12-term error correction algorithm, the normalized
be determined. Further, N-1 forward and reverse transmis- S-parameters (hereinaﬂer “Sﬂf”) terminated m an arbitrary
sion tracking coefficients can be determined. From the reflection coefficient T’ and T', is given by:

reflection tracking coeflicients of each port and the N-1
forward and reverse transmission tracking coefficients, the
forward and reverse transmission tracking coefficients for
the remainder of the N(N-1)/2 2-port paths can be deter- Sn=[T*+SJI-TST™ j=1,2, . . ., NON-1)/2 (16)
mined. For each of a possible the N(N-1)/2 possible 2-port

paths of the N-port MTS, twelve-term systematic error

coellicients are calculated.
After the N-port MTS has been calibrated with the N-port 10 where

calibration device as discussed above, the N-port calibration
device can be removed from 1ts connection to the MTS, and ¢ 0
a DUT to be measured can be coupled to the MTS. = [ 0T, } L

As known to those of skill in the art, for an N-terminal
DUT a minimum of N® measurements can be performed to
characterize the N-terminal DUT. For each of a possible
N(N-1)/2 2-terminal paths of the N-terminal DUT, the
corresponding twelve-term systematic error coeflicients of I'* is complex conjugate of I" and
the MTS can be used to correct the measurement of each
2-terminal DUT path. As known to those of skill in the art, Lo
the N-terminal DUT will have a total of N(N-1)/2 20 | = [ }
2-terminal S-parameter subsets. Each 2-terminal U
S-parameter subset has corresponding four S-parameter ele-
ments as illustrated in FIG. 1(a), which are a subset of an N
by N S-parameter matrix of the N-terminal DUT. In other
words, the N by N S-parameter matrix that characterizes the
N-terminal DUT can be broken down into N(N-1)/2 subset
2-terminal S-parameter matrices. For example, a 4-terminal
DUT has a sixteen-element S-parameter matrix that can also
be represented by six 2-terminal matrices that total twenty-
four measured S-parameters. It 1s to be appreciated that the
six 2-terminal matrices have more S-parameters than the 5,
sixteen S-parameters that make up the 4-terminal

15

s 18 the 2 by 2 1dentity matrix.

The N(N-1)/2 normalized S-parameter matrices can be
orouped 1nto the N by N S-parameter matrix. As discussed
supra, according to one embodiment of the method and
apparatus of this disclosure, the redundant reflection coef-

S-parameter matrix, because there can be redundant mea- ﬁcieqts can be rneasured.only once. For c—:-:xample, from (16)
surements made of the reflection elements. For example, for the six normalized matrices of a 4-terminal DUT between
the 4-terminal DUT, S,,, S,., S;; and S, can be measured the six 2-terminal paths 1-2, 1-3, 1-4, 2-3, 2—4 and 3—4 are
two additional times 1n the six 2-terminal subset matrices. given by (17):

[511 512} [511 513} [511 514} [522 523} [522 524} ] [533 534} (17)

2 2 2 2 aﬂ
S12 S22 ] 931 33 [Sa1 Saa ] [S32 533 ] [S42 Saa 543 Saq
However, 1t 1s to be appreciated that according to some Also, the load reflection coeflicients presented by the

embodiments of the method and apparatus of this disclosure, MTS for the six 2-terminal through paths are given by (18):

[V O [ O [y O [ O [ O ] [ O (18)
[0 rzHo r3H0 r4H0 r3H0 rJa” [ }

0 Iy

during N(N-1)/2 2-terminal measurements of an N-terminal 55  The six 2-terminal matrices of normalized S-parameters

DUT, all redundant reflection measurements need not be can be grouped 1nto one normalized four 4 by 4 S-parameter
made. Thus, the measured S-parameters of the N-terminal matrix [S, ] in (19).
DUT is equal to N~.
Nevertheless, 1t 1s to be appreciated that 1t 1s not always (S11 S12 Sz S (19)
possible to provide a reflectionless termination to each Soi Svr Sor Soa
terminal of an N-terminal DUT, during the N(N-1)/2 55 Sn=le o o o
2-terminal measurements (without the redundant S e
measurements). Therefore the 2-terminal measured | Sar Saz Saz Sua
S-parameters for the DUT may be different from the actual _ _ _ _
N by N S-parameter matrix. For example, the measured Also, the six 2-terminal matrices of load reflection coet-
S-parameters can be corrupted by arbitrary terminations ficients can be grouped 1nto one 4 by 4 load reflection matrix

presented by the N-port MTS. However, as will be discussed 60 [I'] in (20):
in detail 1nira, 1t 1s to be appreciated that according to some

embodiments of the method and apparatus of this disclosure, o0 0 0- (20)
since the reflection coetlicient of each port of the MTS 1s 1

known, the measured S-parameters of the DUT can be .

normalized by their corresponding known reflection coefli- 0 0 I3 0

cients. 65 000 0 Ty,

Referring to equation (16), for each set of N(N-1)/2
2-port S-parameters which are connected by their corre-
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The standard S-parameters of an N-terminal DUT nor-
malized to a given reference impedance such as 50£2 can be
determined from the normalized Sn matrix, the load reflec-
tfion coefficient matrix I" and an identity matrix I. Referring
to equation (21), the standard S-parameters [S] of an
N-terminal device can be given by (21):

S=(I+S,IDS, =] (21)

where
St S ... Slj'
Sh1 Sh L. SQJ,' _ _
S, = i=1,2,... ,Nand j=1,2,... ,N.
_Sjl sz SI'J'_
Iy 0 ... 07
0 I, ... O
[ = ['=1I; for i=j and ' =0 for i+ j.
0 0 [ |
1 0O 0 ]
0 1 0
I = I=11fori=jand I =0 for i+ j.
0 0 |

It 1s to be appreciated that there are presently no traceable
calibration artifacts from any standards laboratory for
orcater than a 2-terminal device. Thus, according to one
aspect of some embodiments of the MTS of this disclosure,
an N-terminal DUT can be broken down into N(N-1)/2
2-terminal measurements to comply with available calibra-
tion artifacts. It 1s also to be appreciated that according to
another aspect of some embodiments of the MTS of this
disclosure, redundant measurements of the DUT can be
climinated. It 1s further to be appreciated that according to
another aspect of some embodiments of the MTS of this
disclosure, measurements of the DUT with the MTS can be
modified to correct for imperfect terminations presented to
the terminals of the DUT by the MTS.

According to some embodiments of the method and MTS
apparatus of this disclosure, characterization of a multi-
terminal device can be provided for balanced circuits or
mixed-mode multi-terminal devices. As was discussed
supra, some of the benefits of using differential circuits in
the high speed digital communications environment 1n com-
parison to single-ended devices, are immunity to electro-
magnetic 1nterference, suppression of even-order harmonics
and higher tolerance to non-ideal grounds. With today’s
digital communication systems, data transfer rates are
increasing drastically. In addition, digital data streams for
video, HDTYV, graphics, serial interface and many other
applications are resulting in higher and higher bandwidth.
These digital communication systems may comprise high-
speed 1nterconnects between chips, functional boards and
systems. It 1s to be appreciated that although the data
transmitted 1s digital, the transmission media that the digital
data travels along may be analog with a differential circuit
topology. Thus, differential circuit topology 1s extensively
used 1n high speed digital data communication applications.

According to some embodiments of the method and
apparatus of this disclosure, the measurement and analysis
of differential circuits can be achieved by transformation of
standard single-ended S-parameters into mixed-mode
S-parameters [S,_ | As was discussed supra and in the
Bockelman IEEE Article, mixed-mode S-parameters of a
linear balanced devices corresponding to waves propagating
in several coupled modes can be determined from a standard
S-parameter matrix, and comprise:
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‘erential-mode;

™

'S, .| apure di

'S__| a pure common-mode;

'S, ] conversion from the common-mode to the
differential-mode; and

IS_,] conversion from the differential-mode to the
common-mode.

However, 1t 1s to be appreciated that with today’s com-
munication systems, there may be single-ended devices that
may 1nterface with a balanced device. Also, there may be
DU'TTs where both single-ended and balanced topologies are
integrated together as one DUT or system. Thus, according
to some embodiments of the method and apparatus of this
disclosure, there 1s provided a general solution to determine
the mixed-mode S-parameter matrix [S, | for any multiple
single-ended and multiple balanced topologies for any
N-terminal DUT. Additional elements of the mixed-mode
S-parameter matrix of this disclosure include purely single
ended parameters as well as parameters that represent a
conversion of single-ended to balanced and balanced to
single-ended modes. The mixed-mode S-parameters matrix
IS, | can be determined from a linear combination of the
standard multi-port S-parameter matrix [S].

According to some embodiments of the method and
apparatus of this disclosure, there 1s provided mixed-mode
S-parameter matrix [S, ] that can represent a mixture of
single-ended and balanced parameters. These parameters
COmMprise:

'S..|, which 1s a pure single-ended parameter;

'S .|, which is a conversion of a single-ended parameter
to a differential parameter;

|S_ .|, which is a conversion of a differential parameter to
a single-ended parameter;

IS_.], which is a conversion of a single-ended parameter
to a common-mode parameter; and

[S. |, which is a conversion of a common-mode parameter
to a single-ended parameter.

According to some embodiments of the method and
apparatus of this disclosure, the standard S-parameter matrix
|S] can be transformed into the mixed-mode S-parameter
matrix [S_ ]through a similarity transformation with use of
a scalar orthogonal matrix [M]. The [S] and the [S, | have
the same eigenvalues and different eigenvectors.

Referring to equation (22), it is to be appreciated that
according to some embodiments of the method and appa-
ratus of this disclosure, the single-ended matrix [S] can be

mapped into the mixed-mode S-parameter matrix [S, |, by
Equation (22).

S =MSM™ (22)

where

S __ is the mixed-mode S-parameter matrix, [S] is the

FHLFHL

standard unbalanced S-parameter matrix characterized by
some embodiments of the MTS of this disclosure and [M] is
the scalar orthogonal matrix. It 1s to be appreciated that none
of the elements of the [M] are complex. It is also to be
appreciated that according to some embodiments of the
method and apparatus of this disclosure, the columns of the
scalar orthogonal matrix [ M] describe the physical terminals
of the DUT and the rows of the [ M] describe scalar coeffi-

cients corresponding to a specific mode of operation of the
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DUT. Further, a remainder of the elements of the scalar
orthogonal matrix [M] can be set to O.

According to some embodiments of the method and
apparatus of this disclosure, a method of assigning the scalar
coefficients to the scalar orthogonal matrix [ M] correspond-

ing to specific modes of the DUT, comprises: assigning a
value of 1 for each column of the [M] and a corresponding

row for each single-ended input and output terminal of the
DUT; assigning a value of 1/v2 and -1/v2 for each column
of the [M] and a corresponding row for each terminal of a
balanced mput and output pair of the DUT which can be
operated 1n a differential mode; and assigning a value of 1/
v2 and 1/v2 for each column of the [M] and a corresponding
row for each terminal of a balanced input and output pair of
the DUT which can be operated in a common-mode.

Referring to FIG. 11, there 1s illustrated a schematic
representation of a combined single-ended transmission line
50 and a balanced transmission line 52. The mixed-mode
S-parameters of the combined single-ended transmission
line and balanced transmission line can be determined by
measuring a standard 6x6 S-parameter matrix for the six
terminals of the DUT illustrated in FIG. 11, with a MTS of
this disclosure. A 6x6 S-parameter matrix [S] can be written
as represented by (23):

(23)

Referring to the above-described coeflicients for the sca-
lar orthogonal matrix [M] and to FIG. 11, there is now
1llustrated an example of assigning scalar coeflicients of a
scalar orthogonal matrix to the illustrated DUT. Terminal 1
of the DUT of FIG. 11 is a single-ended parameter. In one
embodiment, a first row and a second row of the [M] can
correspond to single-ended operation of the DUT. Therefore,
the first row, first column of the [M] can be assigned a value
of 1. In addition, a remainder of elements of the first row can
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be set to 1/v2 and the third row, third column of the scalar

orthogonal matrix [M] can be set to —1/v2. In addition, a
remainder of elements of the third row can be set to zero.
Since terminals 5 and 6 of the DUT can also constitute a
differential output pair of the DUT, the fourth row, fifth
column of the scalar orthogonal matrix [M] can be set to
1/¥2 and the fourth row, sixth column of the scalar orthogo-
nal matrix [M] can be set to -1/v2. A remainder of the
clements of the fourth row can also be set to zero.

In one embodiment, the fifth and sixth rows of the [ M ] can
correspond to common mode operation of the DUT. Refer-
ring again to FIG. 11, since terminals 2 and 3 of the DUT can
also constitute a common 1nput pair of the DUT, a fifth row,
second column of the scalar orthogonal matrix [M] can be
set to 1/V2 and a fifth row, third column of the [M] can also
be set to 1/V2. A remainder of the elements of the fifth row
can be set to zero. Similarly, since terminals 5 and 6 of the
DUT can also constitute a common output pair of the DUT,
a sixth row, fifth column of the scalar orthogonal matrix [M
can be set to 1/Y2 and a sixth row, sixth column of the [M
can be set to 1/¥2. The remainder of elements of the sixth
row are also set to zero. With the above-illustrated exem-
plary embodiment for assigning coefficients to the scalar

orthogonal matrix, the following scalar orthogonal matrix
[M] can be provided by (24):

0 0O 0 0 0 (24)
0 0 0
1 1
0 — ——— 0 0O 0
2 2
1 1
M=|0 0 0 0 —, ——
2 2
1 1
0 — — 0 0O 0
2 2
0 0 001 :
V2 A2

It 1s to be appreciated that a transpose of the scalar
orthogonal matrix [M] is equal to its inverse. Therefore, by

be set to a value of zero. Since terminal 4 of the DUT of FIG. taking the transpose of the [M] and from equation (22)
11 1s also a single-ended parameter, the second row, fourth above, the mixed-mode S-parameter matrix [S_ ] of the
column of the scalar orthogonal matrix [M] can also be set DUT of FIG. 11 can be determined as (25):
o o S12 =513 S15 = S16 S12 + 513 S15 + 516 (25)
11 14
V2 V2 V2 V2
< < 542 — 543 545 — 46 S42 + 943 S45 + a6
41 44
V2 V2 V2 V2
Sa1 =531 Saz =843 1 1 1 1
= (522 =523 =532 +933) 5 (525 =526 — I35 +936) (522 +523 — 532 —533) (525 + 526 — 535 —I36)
NG N 2 2 2
Ss1 — 61 Ssa—Sea 1 1 1 1
=~ (5520 =553 =562 +963) (955 — 556 =65 +966) (D52 +553 — 62 —I63) (555 + 556 — 65 — 66)
NG N 2 2 2
So1 +S531 Spp+S543 1 1 | |
= (522 =523 +532 — 833) 5525 =526 +.535 —536) (522 +523 + 532 +.533) 50525 + 526 + 535 +.536)
NGy Nl 2 2 2
Ss1 +S561 Ss4+564 1 1
=~ (550 =553 + 562 —963) 7 (555 — 556 +.565 —966) T lds52 +.553 + 562 +563) (5355 + 556 + 556 +.566)
NG N 2 2 2

to a value of 1. The remainder of elements of the second row
can also be set to zero.

In one embodiment, the third and fourth rows of the [M]
can correspond to differential operation of the DUT. Refer-
ring to FIG. 11, terminals 2 and 3 of the DUT can constitute
a differential input pair for the DUT, and therefore a third
row, second column of the scalar orthogonal matrix [M] can

60

Referring again to FIG. 11, six single-ended ports of a
6-port MTS can be coupled to the six terminals of the DUT.
The mixed-mode S-parameters for the DUT of FIG. 11 can

« be defined as single ended and balanced ports. For example,

Port 1 and Port 2 are single ended ports and Port 3 and Port
4 are balanced ports. For this mixed mode port configuration
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of the DUT, the mixed-mode S-parameter matrix of the DUT
can be summarized as (26):

i Sssll
Sss?l
Sds31
Sdsal
Sﬂ53l

| Sesal

55512
55522
Sds32
SdsA?
Sr;sSZ

S csd2

Ssd13
Ssd23
Sdd33
Sdd43
Sed33

Sed43

Ssd14
Ssd24
Sdd34
S dd44
Scd34

Scdad

SSCI 3
Ssc23
Sdc33
Sdca3
Sﬂﬂ'33

Sn::t:43

Ssr:l4 ]

Ssr:24
Sdc3d
Sdcad

S cc34d

S ccdd |

(26)

For the mixed mode S-parameter matrix (26) for the DUT
of FIG. 11: S__,, 1s the single ended reflection coeflicient of
Port 1 of the mixed mode DUT; S__,, 1s the single ended
reflection coethicient of Port 2 of the mixed mode DUT; S__,,

1s the single ended transmission coefficient from Port 1 to
Port 2 of the mixed mode DUT; and S__,, 1s the single ended
transmission coefficient from Port 2 to Port 1 of the mixed

mode DUT.

In addition, S_,,; 1s the conversion from a differential
parameter to a single ended parameter between Port 3 and

Port 1 of the mixed mode DUT; S_,, , 1s the conversion from
a differential parameter to a single ended parameter between
Port 4 and Port 1 of the mixed mode DUT; S_,,; 1s the
conversion from a differential parameter to a single ended
parameter between Port 3 and Port 2 of the mixed mode
DUT; and S_,, 1s the conversion from a differential param-
cter to a single ended parameter between Port 4 and Port 2
of the mixed mode DUT.

Further, S__,; 1s the conversion from a common mode
parameter to a single ended parameter between Port 3 and
Port 1 of the mixed mode DUT; S__,; 1s the conversion from
a common mode parameter to a single ended parameter
between Port 3 and Port 2 of the mixed mode DUT; S__,, 1s
the conversion from a common mode parameter to a single
ended parameter between Port 4 and Port 1 of the mixed
mode DUT; and S_,, 1s the conversion from a common

SC2
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the conversion from a single ended parameter to a common
mode parameter between Port 1 and Port 4 of the mixed
mode DUT; and S__,, 1s the conversion from a single ended

parameter to a common mode parameter between Port 2 and
Port 4 of the mixed mode DUT.

It 1s to be appreciated that in the mixed mode S-parameter
matrix (26) for the DUT of FIG. 11 a remainder of the
parameters represent the parameters discussed 1n the Bock-
clman IEEE Article. Parameters S, 5, S, .24, S, .2 and
S ... represent the behavior of the DUT when 1t 1s stimu-
lated with a differential-mode signal and a differential-mode
response 1s observed. There are four parameters mcluding
reflection parameters S 25, S, .., and transmission param-
eters S, .3, S, .14 for ports three and four of the DUT. In
addition, Parameters S_ 55, S_ 14, S_ 45 and S__,, represent
the behavior of the DUT when 1t 1s stimulated with a
common-mode signal and a common-mode response 1S
observed. There are four parameters including reflection

parameters S_ 55, S__,, and transmission parameters S__, .,
S_.., for ports three and four of the DUT.

Further, the mode conversion parameters S_ .5, S_ 3.4,
S .1 and S_ ., represent the behavior of the DUT when 1t
1s stimulated with a differential-mode signal and a common-
mode response 1s observed. Still further, parameters S, .,
S, 26 5,4, and S, ., represent the behavior of the DUT
when 1t 1s stimulated with a common-mode signal and a
differential-mode response 1s observed.

There will now be described another embodiment of a

method of determining the mixed mode S-parameters [S_ ]
of a DUT. Referring to FIG. 12, there 1s illustrated a

schematic of the DUT of FIG. 11 with the single-ended cable
50 coupled to ports 3, 6 of an embodiment of a 6 port MTS

and with the differential cable 52 coupled to ports 1, 2, 4 and
S5 of the 6 port MTS. According to the above-described

mode parameter to a single ended parameter between Port 4 embodiment, the mixed-mode S-parameter matrix [S,,, | of
and Port 2 of the mixed mode DUT. the DUT of FIG. 12 can be determined as (27):
=511 =812 =821 +522) (814 =515 =S4 +525) =Sy —S12 =521 +522) =514 — 815 —S0q +525)
2 2 2 2 NG N
1 1 1 1 Sa3 —S53  Sae — Ss6
= (541 — 542 =551 +552) = (Sa4 —Sa5 =S54 +555)  =(Sa1 —S42 — 551 +552) = (Sqq — Sa5 — 554 + 555)
2 2 g 2 NG NG}
D S11 =1 — St 4+ So2) - (Sta —Sis — Soa +Sa5) —(S11 —Sta— Sat +5ma)  —(Spa — Sis —Soa 4 5pg) BB 516~ 56
5(11— 12 — 3921 +522) 5( 14 — 315 — 524 + 525) 5( 11 —S12 =521 +522) 5( 14 — 915 — 524 +525) 7 7
1 1 1 1 Saz —Ss53  Sae — Ss6
= (541 — 842 =551 +552) = (Sag —Sa5 =S54 +555)  =(Sa1 =S40 — 551 +552) = (Sqq — Sas — 554 + 555)
2 2 2 2 NG N
331 — 532 334 — 535 331 — 532 334 — 535 < <
33 36
V2 V2 V2 V2
Se1 — 962 Se4 — 365 S61 — 62 Se4 — 65 o o
63 66
V2 V2 V2 V2

Still further, S, 5, 1s the conversion from a single ended
parameter to a ditferential parameter between Port 1 and Port
3 of the mixed mode DUT; S, _;, 1s the conversion from a
single ended parameter to a differential parameter between

Port 2 and Port 3 of the mixed mode DUT; S, ., 1s the
conversion from a single ended parameter to a differential

parameter between Port 1 and Port 4 of the mixed mode
DUT; and S, ,, 1s the conversion from a single ended
parameter to a differential parameter between Port 2 and Port
4 of the mixed mode DUT.

Also, S__;, 1s the conversion from a single ended param-
eter to a common mode parameter between Port 1 and Port
3 of the mixed mode DUT; S__,, 1s the conversion from a
single ended parameter to a common mode parameter
between Port 2 and Port 3 of the mixed mode DUT; S__,, 1s
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There will now be described another embodiment of a

method of determining the mixed-mode S-parameters | S

S

of a DUT. Referring now to FIG. 13, there 1s 1llustrated a
schematic diagram of a balun. As known to those of skill in
the art baluns provide an interface from a single-ended
circuit at terminal 1 of the balun to a balanced circuit at
terminals 2 and 3 of the balun. The mixed-mode
S-parameters [S | of the balun can be determined accord-
ing to the above described methodology and for the terminal
connections of the balun to a 3-port MTS of this disclosure,
as 1llustrated 1n FIG. 13, with port 1, 2 and 3 of the MTS
coupled to terminals 1, 2 and 3 of the balun. For this
arrangement, the [ S], the [M] and the [S, | matrices can be

given by (28):



US 6,614,237 B2

31

S S12 913
S =921 S22 523
S31 932 933
B! 0 0
| 1
0 — __—_
M = V2 2
| |
0 —
2 2
o S12 — 513 S12 + 513
11
= V2
Smm = ) 5 (520 — 523 — 532 +533) 5 (522 + 523 — 530 —533)
7 5 (922 — 523 + 532 —533) 5 (522 + 523 + 532 +533)
where

 Sssll Osdl2 Oscl2 |

Sds2l  Ddd22  Sde2?

| Ses21 Sed22 Dee? |

There will now be described another embodiment of a
method of determining the mixed-mode S-parameters [S ]
of a DUT. Referring now to FIG. 14, there 1s 1llustrated a
schematic diagram of two differential transmission lines 80,
82, which can comprise part of a high-speed serial databus
that can be used, for example, to transport digital data

1 1
5 & 0 0 0 0
0 0 0 o = L
V2 2
0 0 = L 0
V2 2
0 0 0 0 0 0

(28)

32

between computers and peripheral devices at transfer rates

of, for example, one Gigabit per second (Gb/s). The mixed-

39 mode S-parameters of the two dif.

erential transmission lines

can be determined from the above described methodology.
The [S], [M] and [S,, ] matrices can be given by (29):

(29)
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-continued
and
S, S,
5 =[ dd  °d }
S-::d Sc:n::
where
(] | 1
5 (511 — 512 — 521 +522) 5 (515 — 516 — 925 +526) 5 (513 =514 — 523 +524)
| | 1
5 (551 — 552 — 561 +562) 5 (555 — 556 — 565 + 66) 5 (953 — 554 — 563 + 564
Sad = | 1 1
5 (531 — 532 — 541 +542) 5 (535 — 536 — 545 + 546) 5 (933 — 534 — 543 +544)
| | 1
3 (571 — 572 — 581 +582) 5 (575 — 576 — g5 + 586 5 (573 — 574 — 583 + 584
r 1 | 1
5 (S11 +S12 =521 —522) 5 (S15 + S16 — 525 —S26) 5 (S13 + 514 — 823 —S24)
1 | |
5 (951 + 552 —S61 —962) 7 (355 + 556 — 565 — J66) 7 (553 + 554 — 563 —I64)
Sde =) 1 1
5 (931 + 532 =541 —S42) 5 (935 + 536 — 545 —S46) 5 (933 + 534 — 543 —S44)
1 | |
5 (571 +.572 — 581 —Sg2) 5 (575 + 576 — S5 — Ig6) 5 (573 + 574 — 583 — S84
(] | |
5 (S11 —S12 + 521 —522) 5 (S15 — S16 + 525 —S26) 5 (513 = S14 + 523 —524)
1 | |
5 (551 —S52 + 561 — S62) 5 (355 — Ss56 + 565 — J66) 5 (553 — 554 + 563 — S64)
ded =\ 1 1
5 (931 — 532 +541 —S42) 5 (935 — 536 + 545 — S46) 5 (533 — 534 + 543 —S44)
1 | |
3 (571 — 572 + 581 —Sg2) 5 (575 — 576 + 585 — Sg6) 5 (573 — 574 + 583 +584)
r 1 | 1
5 (S11 + 512 + 521 +522) 5 (S15 + 516 + 525 +S9%) 3 (S13 + 514 + 523 +524)
1 1 |
5 (Ss51 + 552 + 561 +562) 5 (Ss5 + 556 + Se65 + S66) 5 (S53 + 554 + Se63 +S6a)
dee =y 1 1
5 (531 +532 +541 +542) 5 (535 + 936 + 545 +546) 5 (533 + 534 + 543 +544)
1 1 |
5 (571 + 572 + 581 +5%2) 5 (575 + 576 + 585 +5%6) 5 (573 + 574 + 583 +584)

Referring again to FIG. 14, eight single-ended ports of an
8-port MTS can be coupled to the eight terminals of the S50

DUT. The mixed-mode S-parameters for the DUT of FIG.
14 can be defined as balanced ports. For example, Port 1,
Port 2, Port 3 and Port 4 are balanced ports. For this mixed
mode port configuration of the DUT, the mixed-mode
S-parameter matrix of the DUT can be summarized as (30): 55

Sddll Oddl2  Odd13  Oddld  Odell Odel2  Odcl3d  Odcld | (30)

Sdd2l  Odd22  Odd23  Ddd2d  Odc2l  Ode22  Odedd DdeA

™

b2l — b2 = 2] = 2]

2] — 2 — 2] — 2]

b2 — 2] = 2] = 2]

b2 = 2 = 2] 2] e

Sdd3l  Sdd32  Odd33  Odd3d  Sdc3l Odc32 Odc33d  Ddc3d

o pairs of di

Sddal
Scdll
Scd2l
Scd3l

 Sedal

Sdda?2
Scd12
Scd22
Scd32

S eda?

S dd43
Scdl3
Scd23
Scd33

Sedd3

Sdda4
Scdl4
Scd24
Scd34

Scdad

Sdc4l
St:-::ll
St:-::Zl
Smﬂl

S ccdl

Sdca2
St:-::;'Z
Sﬂﬂ22
S-::-::32

S ccd 2

Sdc43
Sdcl3
Sdc23
Sdc33

Sded3

Sdcdd
St:cl4
St:c24

S ccid

Sﬂﬂf-’fﬁf i

which can |

34

(517 — 518 — 527 +528)
(957 — 558 — 67 + 568
(937 — 538 — 47 + 548)

(577 — 578 —Sg7 + 588)

(S17 +S18 — 527 —S28)
(957 + 558 — 567 — 68 )
(937 + 538 — 547 —S4g)

(577 + 578 —S5g7 — Ogs)

(S17 —S18 + 527 —S28)
(857 — 558 + 567 —S68)
(937 — 538 + 547 —S4g)

(577 — 578 +.587 — Sgg)

(S17 +S18 + 527 + S28)
(Ss57 + .S58 + 567 + S63)
(537 + 538 +547 +548)

(577 + 578 + 587 +58g)

3

/

R

/

R
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R
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method of determining the mixed-mode S-parameters | S

There will now be described another embodiment of a

S

of a DUT. Referring now to FIG. 15, there 1s 1llustrated four
‘erential transmission lines 92, 94, 96 and 98

be used, for example, 1n a local area network as

category 3§, category 6 and category type cables. The mixed-

mode S-parameters [S

65

-

of the four pairs of di

transmission lines can be determined according to t.

terential

ne above

described embodiment. The [S], [M][S, |can be given by

(31):
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(S11 S12 S13 S14 S15 S16 S17 0 S18 S19 S110 S111 S112 S113 0 S114 S115 Si16 | (31)
S21 S22 8523 S24  S25 0 S2¢ 527 828 520 5210 5211 8212 S213 0 8214 5215 5216
S31 0 832 533 534 S35 536 37 538 530 53100 311 S312 0 9313 S314 0 5315 9316
S41 0 342 843 S44 45 S46 47 S48 349 S410 0 411 412 413 3414 S415 0 S416
551 852 553 554 S35 S5 557 558 S50 55100 S511 S512 0 35130 S514 0 515 5516
Sl Y62 63 Sed 65 66 6T 68 69 610 dell S612 613 de6ld 615 d6l6
S71 872 573 S74 S75 S7¢ S77 0 878 S79 0 S7100 S71L S712 8713 S714 0 5715 5716
Sg1 582 S83 S84 Sg5 Sg¢ Sg7  Sgg  Sg9  Sg10  S811 Sg12  S813 S814 5815 S816
§ =
Sg1 S92 593 Sg4 S95 Sg6 Sg7  Sgg S99 Sg10 S9ll S912 5913 S914 S915 5016
S101 102 103 S10d4 S105 S106 107 108 109 1010 S1011 S1012  S1013  S1014  S1015  S1016
S111 S112 S113 S114 S115  S116 S117  S118  S119  S1110 0 ST111 S1112 S1113 0 S1114 S1115 S1116
S121 122 S123 S124  S125  S126 127 5128 5120 51210 SI211 0 S1212  S1213  S1214 S1215  S1216
S131 132 5133 5134 5135 S136  S137  S138 5139 S1310  S1311 S1312 S1313 S1314 S1315 S1316
S141  S142  S143  S144  S145 Si46  S147  S148  S149  S1410  S1411 Si1412  S1413  Si414  S1415  S1416
3151 Y152 153 S154 S155 S156 Y157 5158 150 1510 SI511 0 S1512 1513 S1514 1515 S1516
9161 162 S163 S1ed S165 166 S167 S168 S169 S1610 Siell  S1612  S1613  S1614 1615 S16l6
S| 1 3
_— - 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 2
1 1
0 0 0 0 0 0 0 0 _— - 0 0 0 0 0 0
V2 2
1 1
0 0 - e—— 0 0 0 0 0 0 0 0 0 0 0 0
2 2
1 1
0 0 0 0 0 0 0 0 0 0 _— - 0 0 0 0
2 V2
1 1
0 0 0 0 _— - — 0 0 0 0 0 0 0 0 0 0
2 2
1 1
§ 0 § § § § 0 0 0 0 0 0 e 0 §
2 2
1 1
0 0 0 0 0 0 . ——— 0 0 0 0 0 0 0 0
2 2
| 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 —_— - ——
Iy 2 2
| |
_—  — 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 2

1 1
0 0 — — 0 0 0 0 0 0 0 0 0 0 0
2 2
1 1
0 0 0 0 0 0 0 0 0 0 — — 0 0 0 0
2 2
| |
0 0 0 0 — — 0 0 0 0 0 0 0 0 0 0
2 2
1 1
0 0 0 0 0 0 0 0 0 0 0 0 @ — @ — 0 0
2 2
1 1
0 0 0 0 0 0 — — 0 0 0 0 0 0 0 0
2 2

It 1s to be appreciated that 1n order to be able to 1llustrate s a pure differential mode of the LAN of FIG. 15. This portion

the mixed-mode S-parameter matrix [S, |, the matrix is of the matrix can be split in half, where elements S,
herein split up. A first portion of the matrix corresponds to [1:8,1:4] can be given by (32):



US 6,614,237 B2

37

_-l,'q.

LI — N — 2] — I = I = ]~ 2] D]

(511 — S12 — 521 +522) (519 —S29 —S110 +5210)

(591 — S92 —S1o1 + S102) (599 — 5100 — 910 + S1010)
(531 — 832 — 841 + S42) (539 — S49 — 5310 +5410)
(5111 — S112 —S121 +5122) (5119 — 5129 = S1110 + S1210)
(951 =552 =961 + S62) (959 — 69 — 9510 +610)
(5131 —S132 = 9141 +9142) (5139 — 5149 — 51310 +51410)

(971 — 572 —Sg1 + 582) (979 — 589 — 5710 +5810)

(5151 — S150 — 9161 +5162) (5150 — S169 — 1510 +S1610)

b2 — 2] = 22— 2= 2] = 2] = 2] 2]
b2 — 2 = 2= 2= B2 2] = 2] 2] e

_.I"F_

A second part of the matrix S, [1:8,5:8] can be given by:

_-l,'q.

(515 — 516 — D25 +926) (5113 — S114 — 5213 +5214)

(595 —S96 — 5105 + S106) (5913 — S914 — 51013 +51014)

(535 — 536 — 545 + S46) (5313 — 5314 — Sa13 + S414)

(5115 —S116 — 5125 +:5126) (51113 —S1114 — 1213 +51214)

(555 — 556 — 565 + 66) (9513 — S514 — 613 + S614)

(5135 — 5136 — 5146 +5146) (51313 — 51314 —S1413 +51414)

(575 — 576 — 585 + 586) (9713 — S714 — 9813 + 5814)

(5155 — 5156 — 165 +5166) (51513 —S1514 — 1613 +91614)

b — 2] — 2= 2= 2] ] 2] ] e
b2 — 2 = 2= 2= 2= 2] = 2] 2]

_.l"F_

Referring to FIG. 15, sixteen single-ended ports of a
16-port MTS can be coupled to the sixteen terminals of the
DUT. The mixed-mode S-parameters for the DUT of FIG.
15 can be defined as balanced ports. For example, Port 1,
Port 2, Port 3, Port 4, Port 5, Port 6, Port 7 and port 8 are
balanced ports. For this mixed mode port configuration of
the DUT, the mixed-mode S-parameter matrix of the DUT
operating 1n the pure differential mode can be summarized

as (33):

ta| = 2 — 2] = b2 = 2= 2] = 2] = I

| Sddll

Sdd21
Sdd31
Sdd4l
Sdds1
Sdd6l

Sdd71

- Sd4s1

Sdd12
Sdd22
Sdd32
Sdd4?
Sdd52
Sdd62
Sdd72

Sdds?

Sdd13
Sdd?23
Sdd33
S dda3
Sdd53
Sdd63
Sdd73

Sdds3

Sddl5
Sdd25
Sdd35
Sdd4s
Sdd55
Sdd65
Sdd75

Sddss

Sdd16
Sdd26
Sdd36
S ddae
Sdd56
Sdd66
Sdd76

Sdds6

Sdd17
Sdd27
Sdd37
Sdd47
Sdd57
Sdd67
Sdd77

Sdds7

Sdd1g |

Sdd28
Sdd38
Sdd4s
Sdd58
Sdd68

Sdd78

Sddss |

(33)

Another portion of the mixed-mode S-parameter matrix
of the DUT of FIG. 15, that corresponds to the

—

common mode to differential mode conversion [S, ], is
herein split in half 1 order to be able to provide all of the
matrix elements within this disclosure. The S, [1:8,1:4] can

be given by (34):

(513 — S14 — 523 +.524)

(593 —Sgq — 5103 +5104)

(533 — 534 — 543 + S44)

(S113 —S114 — S123 + S124)

(553 — 554 — 563 +564)

(5133 —S5134 — 5143 +5144)

(973 — 574 — Sg3 +.584)

(5153 —S154 — 5163 +5164)

(517 — 518 — 527 +528)

(597 —Sgg —S107 + S108)

(537 — 538 —S47 +.543)

(5117 —S118 —S127 +5128)

(557 — 558 — 567 +563)

(5137 —S5138 — 5147 +5148)

(577 — S78 — Sg7 +583)

(5157 — 5158 —S167 +5168)

b2 — I = B = B = B = BI] = B] B e

b2 — 2] = 2= 2= 2] = 2] = 2] 2]

33

(5111 —S112 =211 +9212)
(D911 —S912 —S1011 + S1012)
(5311 — 9312 — 5411 + S412)
(51111 —S1112 — S1211 +S1212)
(3511 — 9512 — 611 +612)
(31311 — 91312 — 91411 +51412)

(9711 —S712 — 5811 +5812)

(51511 —S1512 — 91611 +Sl‘512))

(5115 —S116 — D215 +5216)

(5915 —S916 — 91015 +91016)

(5315 — 5316 — Sa15 + Sa16)

(51115 —S1116 — 91215 +51216)

(9515 —S516 — 615 + S616)

(91315 — 51316 — 1415 +S1416)

(9715 — 5716 — 9815 + S816)

(51515 — 91516 — 1615 +91616)

/

(32)

(32)
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In addition, the S, [1:8,5:8] can be given by:

_-l,'q.

_.I"F_

LI — N — 2] — I = I = ]~ 2] D]

bt — 2 — 2= 2= 2] = 2] 2] B2 e
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(511 + 512 =521 —522)
(591 + S92 — 101 — S102)
(531 + 532 — 541 — S42)
(5111 + S112 = S121 — S122)
(951 + 552 =61 — J62)
(5131 + 5132 — 9141 —S142)
(571 +572 — 581 — Sg2)

(5151 + S150 — 5161 — S162)

(515 + 516 — 525 — 526)

(595 + 596 — 5105 — S106)

(S35 + 536 — 545 —S46)

(5115 +S116 — S125 — S126)

(555 + 556 — S5 — S66)

(5135 + 5136 — 5146 — S5146)

(575 + 576 — S5 — Sg6)

(5155 + 5156 — 5165 — O166)

b2 — 2] = 22— 2= 2] = 2] = 2] 2]

b2 — 2 = 2= 2= 2] = 2 = 2] b2 e

(519 —S29 + 5110 —5210)

(599 — 5109 + 5910 —S1010)

(539 — 549 + 5310 —S410)

(S119 — S120 +S1110 — S1210)

(959 —Se69 + 5510 —S610)

(5139 — S149 + 51310 — S1410)

(979 — 589 + 5710 — S810)

(5150 — S169 + 51510 — S1610)

(5113 + S114 — 9213 — 5214)

(5913 + So14 — 51013 —S1014)

(5313 + 5314 —Sa13 — S414)

(S1113 + 51114 —S1213 —S1214)

(9513 + S514 — 613 — S614)

(51313 + 51314 — 51413 — S1414)

(5713 + S714 — 5813 — S814)

(51513 + 51514 — 1613 — d1614)

US 6,614,237 B2

b2 — 2 = 2= 2= B2 2] = 2] 2] e

b2 = 2 = 2= 2= 2] = 2] = I 2

Similarly, a portion of the mixed-mode S-parameter
matrix [S, | of the DUT of FIG. 15, that describes the <
differential to common mode conversion 1s herein split 1n

half 1n order to display all the elements of this portion of

the S, ] matrix. The S_J1:8,1:4] can be given by (35):

_-l,'q.

LI — N — 2= 2= 2] = I 2] D]

_.l"F_

(511 + 512 + 521 +522)

(So1 + S92 +S101 + S102)

(531 + 532 + 541 +542)

(5111 + S112 +57121 +5122)

(951 + 552 +561 + 562)

(5131 + S132 + 5142 +S142)

(571 + 572 + 5% + 5%2)

(S151 + S152 +S161 + S162)

b2 = 2 = 2= 2= 2] = 2] = 2] 2]

(519 + 529 + 5110 +5210)

(S99 + S109 + 910 + S1010)

(539 + 549 + 5310 + 5410)

(5119 + 5120 + 51110 +51210)

(959 + 569 + 5510 +S610)

(5139 + S149 + 51310 +51410)

(979 + 589 + 5710 +5810)

(S159 + S169 + S1510 + S1610)

b2 = 2 = 2 = 2= B2 2] B2 2] e

(513 + 514 — 523 —524)

(593 + 594 — 5103 —5104)

(533 + 534 — 543 — S44)

(S113 + 5114 — S123 — S124)

(553 + 554 — 563 — S64)

(5133 + 5134 — 5143 —S14a)

(573 + 574 — Sg3 — 5g4)

(5153 + 5154 — 5163 —S164)

(517 + 518 — 527 —528)

(597 +S98 —S107 — S108)

(537 + 538 —S47 —S43)

(S117 + S118 — S127 — S128)

(557 + 558 — 567 — S68)

(5137 + 5138 — 5147 —5148)

(577 + 578 —Sg7 — Sgg)

(5157 + 5158 — 5167 —S168)

(913 + 514 + 523 +.524)

(So3 + Soq + S103 +S104)

(533 + 534 + 543 + S44)

(5113 + 5114 + 5123 +5124)

(553 + 554 + 563 +564)

(5133 + 5134 + 5143 +S144)

(573 + 574 + 53 +.584)

(S153 + 5154 + S163 + S164)

b2 — I = B = B = B = BI] = B] B e

b2 — I = B = b2 = B = I ] = B e

b2 — 20— 2= 2= 2] = 2] = 2] b2 e
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(5111 + 9112 =211 —9212)
(D911 + 5912 — S1011 — S1012)
(5311 + 5312 — 5411 — S412)
(51111 +51112 — S1211 — S1212)
(Os11 + 9512 — 611 —J612)
(51311 + 51312 — 51411 —91412)

(9711 + 5712 — 5811 — S812)

(S1511 + 51512 — 1611 _51612))

(5115 + 5116 — 9215 — S216)

(5915 + 5916 — 91015 —91016)

(5315 + 5316 — Sa15 — Sa16)

(S1115 + 51116 — 51215 —S1216)

(9515 + 5516 — 9615 — J616)

(51315 + 51316 — 1415 — D1416)

(5715 + 5716 — 9815 — S816)

(31515 + 51516 — 1615 —O1616) )

(S111 +S112 +5211 +5212)

(So11 + So12 + S1011 + S1012)

(5311 + 5312 + Sa11 + S412)

(S1111 + 51112 + 51211 +91212)

(9511 + 5512 + 5611 +5612)

(S1311 + 51312 + 51411 +91412)

(9711 + 5712 + 5811 +53812)

(51511 + 31512 + 51611 +51612)jJ

(34)

(34)

(35)
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In addition, the S_J1:8,5:8] can be given by:

]
5(515 + 516 + 525 + 526)

1

5(595 + So¢ + S105 + S106)

5(535 + 536 + 545 + 546)

5(5115 + 8116 + 9125 +5126)

5(555 + 556 + 565 + J66)

5(5135 + 5136 + 9145 + S146)

1
5(5?5 + 576 + 585 + Sgs)

1

\ 5(5155 + S156 + S165 + S166)

1

5(5113 + 5114 + 5213 +.5214)

1

5(5913 + So14 + 51013 + S1014)

5(5313 + 5314 + 5413 +5414)

5(51113 + 51114 + 51213 +51214)

5(5513 + 5514 + 5613 +5614)

5(51313 + 51314 + 51413 +51414)

1

5(5?13 + 5714 + 5813 + S814)

1

5(51513 + 51514 + S1613 + S1614)

US 6,614,237 B2

(S17 + 518 +.527 +.528)
(S97 + S8 + 5107 + S108)
(537 + 538 + 547 +543)
(5117 + 9118 + 5127 +5128)
(957 + 358 +.567 + 568)
(5137 + 9138 + 5147 +5148)

(577 + 578 + 587 + Sg3)

R e N B S B e B S B B W e W

(5157 + S158 + S167 + S168)
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Similarly, a portion of the mixed mode S-parameter
matrix for the DUT of FIG. 15, for describing the pure
common mode operation 1s herein split 1n half 1n order to

illustrate all the elements of this portion of the [S_ 1. The
S_[1:8,1:4] can be given by (36):

(1

5(511 + 512 +521 +592)

5(591 + S92 + 57101 + S102)

5 (531 + 532 +541 +542)

5(5111 + 5712 + 5121 +5122)

1
— (551 + 552 + 561 + Se2)

(S131 + 5132 + S141 + S142)

(571 + 572 + 551 +5%2)

(S151 +5152 + 5161 +5162)

b2l = 2= 2] =

f_

5(519 + 529 + 5110 +5210)

5(599 + 5109 + 5910 +S1010)

5(539 + 549 + 5310 +S410)

5(5119 + 5129 + 51110 + S1210)

1

5(559 + Se9 + 5510 + S610)

1

5(5139 + S149 + S1310 + S1410)

5(5?9 + 589 + 5710 +S810)

5(5159 + 5169 + 51510 + S1610)

In addition, the S_J[1:8,5:8] can be given by:

]
5(515 + S16 + 525 + 526)

1

5(595 + So96 + S105 + S106)

1
5(535 + 536 + 545 + 946)

5(5115 + 5116 + 9125 +5126)

5(555 + 556 + 565 + 966)

5(5135 + 8136 + 9145 +S146)

1
5(5?5 + 576 + 585 + Sg6)

1

\ 5(5155 + S156 + S165 + S166)

1

5(5113 + 5114 + 5213 +.5214)

1

5(5913 + So14 + S1013 + S1014)

1

5(5313 + 5314 + 5413 +5414)

5(51113 + 51114 + 51213 +51214)

5(5513 + 5514 + 5613 +5614)

5(51313 + 51314 + 51413 +51414)

1

5(5?13 + 5714 + S813 + 5814

1

5(51513 + 51514 + S1613 + S1614)

5(513 + 514 + 523 + 524)

5(593 + 894 + 5103 +S5104)

5(533 + 534 + 543 + Sa4)

5(5113 + 8114 + 5123 +5124)

|
5(553 + 854 + S63 + Se64)

1

5(5133 + 5134 + S143 +S144)

5(5?3 + 574 + 583 + Sg4)

5(5153 + 8154 + 5163 +5164)

|
5(51? + 518 + 527 + 528)

|

E(Sg? + Sog + S107 + S108)

|
5(53? + 538 + 547 +548)

5(511? + 5118 + 5127 +5128)

E(SS? + 558 + 567 +568)

5(513? + 5138 + 5147 +5148)

|
E(Sﬂ + 578 + Sg7 + Ss8)

|

5(515? + S158 + 5167 + S168)
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(S115 +S116 + S215 + S216)
(So15 + So16 + S1015 + S1016)
(9315 + 5316 + 5415 +5416)

(S1115 + 51116 + 51215 +91216)

(9515 + 5516 + 5615 + S616)

(51315 + 951316 + 91415 +91416)

(S715 + 5716 + Sg15 + Ss16)

I e N B S B S N B S B O B S I Sl

(S1515 + 51516 + 51615 + S1616)

5(5111 + 5712 +5211 +5212)

5(5911 + 5912 + 51011 +S51012)

5(5311 + 5312 + 5411 +5412)
5(51111 + 81112 + 51211 +51212)
(S511 + S512 + S611 + S612)

(51311 + 91312 + 51411 + S1412)

(5711 + S712 + 5811 +5812)

—

J/

1
2
1
2
1
2
1
2

(S1511 + 51512 + 51611 +91612) )

1

5(5115 + S116 + 5215 +5216)

1

5(5915 + 5916 + S1015 + S1016)

1

5(5315 + 5316 + 5415 + S416)

5(51115 + 351116 + 51215 +91216)

5(5515 + 5516 + 5615 + S616)

5(51315 + 51316 + 51415 +S1416)

1

5(5?15 + 5716 + S815 + Ss16)

1

5(51515 + 51516 + S1615 + S1616)

/

—

(35)

(36)

(36)
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It 1s to be appreciated that the mixed-mode S-parameter
matrix for the LAN of FIG. 15 for the port assignments of
an embodiment of a MTS of this disclosure as 1llustrated 1n
FIG. 15, have not been provided for the modes of operation
other than the differential mode described above by (33).
However, one of skill in the art according to some embodi-
ments of the method and apparatus of this disclosure can
determine the mixed-mode S-parameter matrix for these port
assignments using the above described methodology for
cach of the [S, ], the [S_,] and the [S_.] portions of the
mixed-mode S-parameter matrix described above.

It 1s to be appreciated that one aspect of some embodi-
ments of the above described method and apparatus of this
disclosure, 1s that a user can arbitrarily define the terminal

(]
= (511 —S12 — 521 +522)

1
5(531 —S14 — 9523 + 524)

',

|
5(511 — 513 +531 —533)

|
5(521 — 523 + 541 — Sa3)

44

numbers of a DUT while testing the DUT. In other words,
according to some embodiments of the method and appa-
ratus of this disclosure, the user can assign numbers to any
terminals of the DUT, and the terminal numbers need not be
rigidly assigned. For example, FIGS. 16 and 17 illustrate
two different terminal numberings for input and output ports
of a differential pair of transmission lines, that can be
assigned according to some of the embodiments of the
method and apparatus of this disclosure. For the differential
pair of FIG. 16, terminals 1-2 can be assigned to the
mixed-mode port 1 of the balanced input, terminals 3—4 can
be assigned to the mixed-mode port 2 of the balanced out
put, and the scalar orthogonal matrix [M] and the mixed-
mode S-parameter matrix [S, | can be given by (37):

1 \ 37
) 0 (37)
2
1 1
0 _
2 2
1
— 0 0
2
) 1 1
V2o W2

| 1
— (511 +512 =521 = 822) (513 + 514 — 523 —504)

1
5(512 —S14 + 532 — 534)

|
5 (S22 —S24 +Sa2 — Saa)

5(511 +.513 +53;1 +533)

|
5(521 +.5%3 + 541 + Sa3)

5(512 + 514 + 532 +9534)

|
5(522 + 524 + Sa2 +544)

/

2 2 2
1 1 1 1
5(531 — 932 =041 +942) 5(531 — 934 — 543 +Oa4) 5(531 +532 =541 — S42) 5(533 + 534 — 534 —Oaa)
=) 1 1 1
51 =312 #5321 = 522) 50831 =514 +023 —52) S O1L 312 +501 +022) 51013 + 514 + 523 +524)
1 | 1 |
| 5011 =532+ 541 —Sa2) 5533 =534 + 543 —0aa)  F1031 + 552+ 541 +042) 51033 + 534 + 043 +044)

- In a similar manner, for the differential pair of transmis-
sion lines of FIG. 17, terminals 1-3 can be assigned to the
mixed-mode port 1 of the balanced input, terminals 2—4 can

40 be assigned to the mixed-mode of the port 2 balanced output,
and the [M] and the [S, ] of the differential pair of cables
can be given by (38):
r1 1 \ (38)
— 0 —— 0
V2 V2
0 . 0 .
2 2
M = \(_
: 0 : 0
V2 2
0 . 0 .
u V2 V2 )
(1 1 1 | \
5(511 — 313 — 931 +933) 5(512 — 314 — 932 +534) 5(511 +.3513 — 531 — I33) 5(512 +514 — 32 —I34)
1 | 1 |
5(521 — 323 — 941 +943) 5(522 — 924 — 042 + Ou4) 5(521 +.323 — 541 — d43) E(Szz +.524 — D42 — S44)
Smm =
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One of skill 1n the art can appreciate that frequency
domain measurements with an embodiment of an MTS of
this disclosure can address some of the shortcomings of the
TDR systems discussed above, and can provide some addi-
fional advantages. For example, some embodiments of an
MTS of this disclosure do not provide a large signal voltage
to the DUT, do not require the DUT to have a DC return
path, and can provide forward and reverse transmission data
and reflection data without changing the measurement setup.

It 1s also to be appreciated that according to some embodi-
ments of the method and apparatus of this disclosure, a MTS
system can be provided with an embodiment of the herein
described methodology for characterizing both single-ended
and balanced topology DUTs, and therefore provides a
powerlul method and apparatus to characterize mixed mode
and balanced mode DUTs.

Some additional advantages of some embodiments of the
method and MTS apparatus of this disclosure comprises
high accuracy; a large dynamic range; and high-speed which
can be achieved, 1n part, from the VNA-based architecture.
Some additional advantages of some of the embodiments of
the method and apparatus of this disclosure, comprise the
smallest resolution 1n a time domain which can be a function
of last harmonic frequencies of the MTS and a sufficient
fime span which can be a function of the first harmonic
frequency of the MTS. For example, a return loss of over
100 dB 1n the time-domain can be determined by some
embodiments of the MTS, based on a small time domain
resolution. In contrast, an 100 dB return loss 1s far beyond
instrumentation dynamic range for a traditional TDR sys-
tem. In addition, some embodiments of the MTS system of
this disclosure do not apply a high power signal to the DUT,
thus minimizing the possibility of saturation of the DUT. In
contrast, the traditional TDR system provides a step function
input signal to an input of the DUT and typically, for an
excessive 1nput drive signal, uses an attenuation pad to
reduce an output power from a source of the TDR system to
the mput of the DUT. With the traditional TDR system, the
dynamic range of measurement of the DUT and the char-
acteristics of the input signal pulse of the TDR system can
be compromised. Further, some embodiments of the MTS
system of this disclosure can determine all of the parameters
to be measured for the DUT with a one time connection of
the DUT to the multiport MTS. In contrast, the traditional
TDR system change connections between reflection and
fransmission measurements of the DUT.

It 1s also to be appreciated that according to some of the
embodiments of the method and MTS apparatus of this
disclosure, the MTS can measure both balanced and unbal-
anced devices. In addition, according to some embodiment
of the method and MTS apparatus of this disclosure, the
MTS system can provide the results of these measurements
in the time domain. In contrast, a traditional VNA measures
unbalanced devices and employs S-parameters which are
frequency domain measurements.

Referring to FIG. 18, there 1s 1llustrated measured mixed-
mode S-parameters of a differential pair such as illustrated
in FIG. 16 with an embodiment of an MTS of this disclosure
with ports 1 and 2 of an MTS coupled to mput terminals of
the differential pair and port 3 and 4 of the MTS coupled to
output terminals of the differential pair. It 1s to be understood
that according to some embodiments of the method and
MTS apparatus of this disclosure, a differential pair can be
modeled as a 2-port balanced device as measured and as
illustrated 1n FIG. 18, or as a 4-port single-ended device. The
illustrated measurements of FIG. 18 may be broken up into
four quadrants of measurements: the upper left quadrant
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representing the pure differential mode [S ] of the balanced
pair; the upper right quadrant representing the common
mode to differential mode conversion [S , | of the balanced
pair; the lower left quadrant representing the differential
mode to common mode conversion [S_,| of the balanced
pair; and the lower right quadrant representing the pure
common mode [S_ ] of the balanced pair. Thus, the upper
left and the lower right quadrants of FIG. 18 represent pure
modes of operation of the balanced pair and the upper right
and lower left quadrants of FIG. 18 represent the cross
modes of operation of the balanced pair.

One of skill in the art can appreciate that 1n a perfectly
symmetrical balanced DUT, the elements of the [S , ] and the
[S_ ;] quadrants may have zero magnitude. One of skill in the
art can also appreciate that the presence of any asymmetry
in the DUT due to, for example, signal amplitude or phase
skew can result 1n a magnitude larger than zero for the
clements of [S, | and [S_,]. One of skill in the art can further
appreciate that the lower left quadrant [S_ ] as illustrated in
FIG. 18 provides an indication of the generation of EMI by
the DUT and the upper right quadrant [S, | provides an
indication of the susceptibility of the DUT to EMI".

It 1s to be appreciated that the data of FIG. 18 were
measured on a model ATN-4111D 300 KHz-to-6 GHz MTS
test system from Agilent Technologies (Billerica, Mass.).
The MTS system 1ncludes a model N8573A VNA, a mul-
tiport test set, and multiport application software embodying
an embodiment of the method and apparatus of this disclo-
Sure.

Referring to FIG. 18, it can be seen that the mput [S, /]
and output [S , .., | return loss of the differential transmission
line in the purely differential mode [upper left quadrant of
the matrix] reaches 8.1 dB at 6 GHz, while the forward and
reverse insertion loss [S,,,;] and [S ,,,,] reaches 9 dB at 6
GHz. It 1s to be appreciated that the data of FIG. 18 are
referenced to a differential mode impedance of 100€2.

Referring to FIG. 18, 1t can be seen that the common
mode performance of the differential pair 1s 1llustrated in the
lower right quadrant of FIG. 18 and 1t 1s to be appreciated
that 1t 1s referenced to a common mode of impedance of
25€2. The common-mode performance shows a similar per-
formance of the differential cable indicating some light
coupling between the lines that form the balanced pair. It can
also be determined from the measurements of the DUT
illustrated 1n the lower left and upper right quadrants of FIG.
18, that the DUT has fairly low mode conversion of approxi-
mately 38 dB 1n the worst case scenario at 6 GHz.

It 1s also to be appreciated that according to some embodi-
ments of the method and apparatus of this disclosure, the
mixed-mode S-parameters obtained with the MTS of this
disclosure can be converted into the time domain. FIG. 19
illustrates the time-domain 1impulse response of the mixed-
mode S-parameters of FIG. 18. In particular, by performing
an inverse Fast Fourier Transform (FFT), any of the param-
cters of FIG. 18 can be viewed in the time-domain as
lustrated 1n FIG. 19. Thus, FIG. 19 1llustrates the time-
domain 1impulse response of the DUT, and 1s organized in the
same manner as the frequency domain data of FIG. 18. In
particular, the upper left quadrant 1llustrates the differential
mode time-domain performance. The parameters S, ,,, and
S ...~ 1llustrate the TDR response of each port of the
differential cable DUT 1n a differential mode, and the
parameters S , ,,, and S, ., 1llustrate the forward and reverse
TDT parameters of the differential pair DUT 1n the ditfer-
ential mode. It 1s to be appreciated that the other three
quadrants of FIG. 19 illustrate the full mixed mode time
domain performance of the differential pair DUT.
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Referring to FIG. 19, the upper left quadrant represents
the [S , ] performance of the DUT, which is the time domain
differential performance of the differential pair DUT. The
S, ., performance of the DUT 1s further illustrated 1n FIGS.
20-23. In particular, the TDT response of S, ,,, or, in other
words, the forward transmission time-domain impulse
response 1s 1llustrated in FIG. 20. FIG. 20 1llustrates that the
DUT has a 3.35 nanosecond (Nsec) delay, a mid-pulse-
bandwidth (MPB) of approximately 175 picoseconds (Psec)
wide and a ratio of the transmission coefficient, at a peak, of
apprommately 0.704. Compare FIG. 20 with FIG. 21, which
1llustrates the TDT of a 3.35 Psec loss-less transmission line
that 1s generated through simulation by an embodiment of
the MTS of this disclosure. The loss-less transmission line
has a MPB of approximately 146 Psec wide and a ratio of the
transmission coefficient, at the peak, which 1s 1. It 1s to be
appreciated that both the measurement of FIG. 20 and the
simulation of FIG. 21 are characterized from 5 MHz to 6
GHz in 5 MHz step size increments. Thus, the TDT response
of FIG. 20 clearly illustrates that the DUT has an attenuation
transmission coetficient from unity to 0.704, and a distortion
of the MPB from approximately 146 Psec to approximately
175 Psec.

Similarly, FIG. 22 1llustrates the time domain of the step
response S, .., of the DUT, and FIG. 23 illustrates the
simulated step response of the loss-less transmission line.
From FIGS. 22-23, 1t can be seen that the rise-time of the
time-domain step function, S, ,,, 1s degraded from approxi-
mately 121 Psec to approximately 308 Psec. In addition,
comparing FIGS. 22 and 23, 1t can be scen that the step
function steady state i1s attenuated from unity to approxi-
mately 0.98.

It 1s further to be appreciated that according to some
embodiments of the method and MTS apparatus of this
disclosure, impedance profiling of a DUT can be achieved
by characterizing the reflection time-domain step function

S .1, which 1s equivalent to a traditional TDR measure-
ment. FIG. 24(a) illustrates a pure diff

crential forward
reflection time domain step response, and FIG. 24(b) a pure
differential impedance profile of the DUT. The differential
impedance has an impedance value 1 a range of approxi-
mately 106 to 109€2. The 1illustrated upward slope of the
differential impedance profile can be due to various loss
mechanisms 1n the DUT such as a skin effect and dielectric
losses 1n the differential transmission line. It 1s to be appre-
ciated by one of skill 1n the art that a loss-less transmission
line (performance not illustrated) has a flat impedance slope.
FIGS. 24(a)—~(b) also illustrate discontinuities in the trans-
mission line that can result from the connectors of the DUT.
Thus, 1t 1s to be appreciated that the reflection time-domain
step function can be used to isolate discontinuities 1n the
DUT.

One of skill in the art can appreciate that one conventional
testing process for a high-speed digital DUT in the time
domain with a conventional TDR system, 1s to stimulate the
DUT with a digital bit pattern and observe an output
response of the DUT. It 1s to be appreciated that according
to some embodiments of the method and MTS apparatus of
this disclosure, this testing process can be done on any DUT
with any input waveform. In particular, it 1s to be appreciated
that any arbitrary input bit pattern can be generated math-
ematically according to some embodiments of the MTS of
this disclosure. In addition, once the time-domain impulse
response 1s determined from the mixed-mode S-parameter
measurements of the DUT with the MTS of this disclosure,
an output response of the DUT can be determined by
convolving the time-domain impulse response with the
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simulated input waveform, according to the Discrete Time
Convolution Transformation. By way of example, FIG. 25
illustrates a stmulated mput waveform that 1nitially steps up
to 1.0 and then steps down to zero 1n approximately 2 Nsec
step sizes. It 1s to be appreciated that according to some
embodiments of the method and MTS apparatus of this
disclosure, this simulated input waveform can be convolved
with the time-domain impulse response of the DUT such as
the time-domain 1mpulse response of FIG. 20.

Referring to FIG. 26, there 1s illustrated an output
response of the DUT determined by convolving the above-
illustrated time-domain i1mpulse response and input
waveform, which 1illustrates that leading and trailing edged
discontinuities of the input waveform have been rounded off,
and which may be due to filtering of high frequency har-
monics of the input signal and distortion of the differential
transmission line. It 1s also to be appreciated that the output
response starts at approximately 3.35 Nsec delay, which
correlates to the delay of the impulse function. Further, 1t 1s
to be appreciated that the output response does not reach a
signal amplitude of 1.0 due to losses 1n the differential
transmission line.

Referring to FIG. 27, there 1s 1llustrated another example
of a mathematically generated input waveform that steps
from zero to unity 1n 2 Nsec step sizes, and that can be
convolved with the measured time-domain 1impulse response
of the DUT. The output response 1s illustrated in FIG. 28.

Referring to FIG. 29, there is 1llustrated another math-
ematically generated imnput waveform that can be provided
with an embodiment of an MTS of this disclosure which 1s
known to those of skill 1n the art as K28.5 and has ten digital
pulses. In particular, the pulse bit pattern 1s 1100000101 and
cach pulse 1s 0.5 Nsec wide, which corresponds to a data
transmission rate of 2 Gb/S. The K28.5 input waveform can
be convolved with the measured 1mpulse response of the
DUT, and the output response 1s 1llustrated i FIG. 30.

It 1s appreciated by those of skill in the art that in
characterizing devices for data communication applications,
the devices should add minimal distortion to the waveform
passing through them. These devices can be characterized by
overlapping each output wavetforms from the DUT on top of
onc another on a common scale through what 1s known to
those of skill 1n the art as in eye diagram or eye pattern. FIG.
31 1illustrates such an eye diagram which can be provided
according to one embodiment of an MTS of this disclosure,
by plotting each individual output pulse from the DUT for
a time span from O to 0.642 Nsec. As can be seen from FIG.
31, the differential transmission line clearly preserves the
eye pattern for 0.5 Nsec width mput pulses or a data
transmission rate of 2 Gb/S. In other words, the digital zeros
and the digital ones are still distinguishable from one
another after traveling through the differential transmission
line DUT.

Referring now to FIG. 32, there 1s illustrated an eye
pattern of the DUT at an increased data rate. In particular,
the pulse width for the 1nput wavetform has been reduced to
0.2 Nsec which corresponds to 5 Gb/S data transmission rate
and FIG. 32 1llustrates the output eye pattern provided by an
embodiment of an MTS. It 1s apparent from FIG. 32 that the
eye has begun to close, indicating that the digital zeros and
the digital ones are becoming indistinguishable from one
another after traveling through the differential transmission
line DUT. Accordingly, 1t 1s to be appreciated that the eye
pattern provided by some embodiments of the method and
MTS apparatus of this disclosure, provides a quick visual-
1zation tool that illustrates the performance of a transmission
line.
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With some embodiments of the method and apparatus for
this disclosure, an output response of any device can be
analyzed by presenting any arbitrary mput waveform to a
DUT. It 1s to be appreciated that with traditional TDR
systems, such arbitrary waveform generators are very
expensive and impractical. Accordingly, 1t 1s to be appreci-
ated that some advantages of some embodiments of the
method and apparatus of this disclosure are that any input
waveform can be provided to test a DUT, and that an overall
cost of providing such performance 1s drastically reduced. It
1s also to be appreciated that another advantage of some
embodiments of the method and apparatus of the disclosure
1s that with, for example, existing 50 GHz VNAs, a step
rise-time of 15 Psec can be provided in the time domain. It
1s further to be appreciated that some embodiments of the
method and MTS apparatus of this disclosure allow for
removal and de-embedding of any known circuit that is
cascaded with the DUT, and additional embedding of any
known circuit to be cascaded with the DUT. De-embedding,

can be used, for example, in the measurement of a DUT that
has been mounted 1n a test fixture to remove contributions to
the testing of the DUT from the test fixture. Embedding can
be used, for example, to simulate a performance of the DUT
with an additional element.

For example, FIG. 33 illustrates mixed-mode
S-parameters of a differential transmission line DUT with a
25 Psec loss-less line embedded on an output of the DUT, as
determined according to one embodiment of the method and
MTS apparatus of this disclosure. The differential pair DUT
1s the same differential pair DUT that was measured and
llustrated 1n FIG. 18, without the embedded 25 Psec loss-
less line. As can be seen from FIG. 33, the loss-less line at
the output of the DUT causes a phase skew and an imbalance
in the differential transmission line. In particular, the trans-
mission parameters of the common to differential mode [S, ]
and the differential to common mode [S_,] are degraded at
6 GHz from approximately —38 dB (see FIG. 18) to —14 dB.

Referring now to FIG. 34, there is illustrated 1 eye
diagram of the differential transmission line DUT embedded
with an 85 Psec loss-less line at an output of the differential
line DUT {for an input having a pulse width of 0.2 Nsec or
a 5.0 Gb/S data transmission rate. This 1s also the same
differential transmission line that was measured without the
loss-less transmission lines at the output and 1llustrated with
the eye diagram of FIG. 32. Comparing the eye pattern of
FIG. 34 with the eye pattern of FIG. 32, 1t can seen that the
85 Psec phase skew further degrades the eye opening of the
differential transmission line.

According to some embodiments of the method and
apparatus of this disclosure, it 1s possible to extract a
complete set of transmission line parameters of the DUT
from the mixed-mode S-parameter data. The transmission
line parameters as known to those of skill in the art provide
a complex characteristic impedance and propagation
constant, and extract parameters R, L, C, and G per unit
length. For the differential mode, measurements of the
complex characteristic impedance versus frequency can also
be provided. Further, the real and 1imaginary parts of the
propagation constant commonly referred to as o (related to
the loss) and D (related to the velocity of propagation) may
also be provided with some embodiments of the method and
apparatus of this disclosure. Such real and 1imaginary parts
are typical simulated using simulation tools such as SPICE.

It 1s also to be appreciated that there are advantages to
applying frequency domain measurements to the analysis of
signal integrity of DUTs, as done by some embodiments of
the method and apparatus of this disclosure. For example,
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frequency domain measurements can provide much higher
accuracy than traditional TDRs due to correction of system-
atic sources of measurement error. In addition, some
embodiments of an MTS of this disclosure can provide a
dynamic range of more than 110 dB 1n the time domain,
which can be useful for 1solating cross-talk and identifying
EMI problems. Further, a 20 GHz frequency domain MTS
system according to some embodiments of this disclosure,
impulse and rise-time measurements of 35 Psec can be
measured. In addition, some embodiments of the method
and MTS apparatus of this system can be used to analyze the
cilects of phase skew on unbalanced transmission lines. Still
further, some embodiments of the method and MTS appa-
ratus of this disclosure allow an operator to quickly evaluate
components at different characteristic impedances.

It 1s further to be appreciated that some embodiments of
the method and MTS apparatus of this disclosure use a
combination of simulation and hardware measurements
rather than heavily relying on hardware measurements. For
example, 1t 1s to be appreciated that with some embodiments
of the method and MTS apparatus of the disclosure, there 1s
no arbitrary waveform generator. In contrast, some embodi-
ments of the method and MTS apparatus of this disclosure
simulate the test signal waveform. It 1s to be appreciated that
with those embodiments, there 1s provided a cost effective
solution 1n comparison to the traditional TDR and signal
integrity imstrumentation. It 1s further to be appreciated that
some embodiments of the method and apparatus of this
disclosure provide flexibility so that as applications change,
the embodiments of the method and apparatus of this
disclosure can be used to evaluate a DUT.

Having thus described several aspects of at least one
embodiment of this disclosure, it 1s to be appreciated various
alterations, modifications, and improvements will readily
occur to those skilled in the art. Such alterations,
modifications, and improvements are 1ntended to be part of
this disclosure, and are intended to be within the spirit and
scope of the mvention. Accordingly, the foregoing descrip-
tion and Fig.s are by way of example only.

What 1s claimed 1s:

1. An N-port automatic calibration device comprising
N-ports, each port adapted to be coupled to a port of a N-port
multiport test set, the N-port automatic calibration device
comprising:

a single-pole, N-1 throw switch having a single-pole
coupled to a first port of the automatic calibration
device and having each throw of N-1 throws coupled
to a corresponding port of the automatic calibration
device; and

at least one single-pole, double-throw switch, having at
least first, second, third, and fourth conditions and
having a single pole coupled to a second port of the
N-ports of the automatic calibration device, having a
first throw coupled to a first load impedance, and
having a second throw coupled to a throw of the N-1
throws of the single-pole, N-1 throw switch, said first
condifion connecting said single pole to said first throw,
said second condition connecting said single pole to
said second throw, said third condition connecting said
single pole to a reference potential within said single-
pole, double-throw switch, and said fourth condition
connecting said single pole to a high impedance within
said single-pole, double-throw switch.

2. The N-port automatic calibration device as claimed 1n
claim 1, further comprising a controller that biases the
single-pole, N-1 throw switch and the single-pole, double-
throw switch.
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3. The N-port automatic calibration device as claimed 1n
claim 1, wherein the at least one single-pole, double-throw
switch comprises N single-pole, double-throw switches,
cach single-pole, double-throw switch having its single-pole
coupled to one port of the N-ports of the automatic calibra-
tion device, each single-pole, double-throw switch having a
first throw coupled to a first load impedance, and each
single-pole, double-throw switch having a second throw
coupled to a corresponding throw of the single-pole, N-1
throw switch.

4. The N-port automatic calibration device as claimed in
claim 3, further comprising a controller that 1s constructed
and arranged to control the single-pole, N-1 throw switch
and each single-pole, double-throw switch to provide three
reflection standards with the automatic calibration device to
cach port of the automatic calibration device, and to provide
N-1 through conditions of a possible N(N-1)/2 possible
through conditions between corresponding ports of the auto-
matic calibration device.

5. The N-port automatic calibration device as claimed in
claim 4, further comprising an N-port test set that can
characterize a multi-terminal DUT, wherein each port of the
N-port automatic calibration device 1s coupled to a corre-
sponding port of the N-port test set.

6. The N-port automatic calibration device and N-port
multiport test set as claimed 1n claam 35, further comprising
a processor configured to determine all systematic errors of
the N-port multiport test set from measurement of the three
reflection standards presented to each port of the N-port
multiport test set and the N-1 through conditions between
corresponding ports of the N-port multiport test set.

7. The N-port automatic calibration device as claimed in
claim 3, wherein each single-pole, double-throw switch 1s
constructed and arranged to provide a through condition
between the single-pole and the second throw.

8. The N-port automatic calibration device as claimed in
claim 3, wherein each single-pole, double-throw switch 1s
constructed and arranged to provide the load impedance to
the single-pole and to the corresponding port of the auto-
matic calibration device.

9. The N-port automatic calibration device as claimed 1n
claim 3, wherein each single-pole, double-throw switch 1s
constructed and arranged to provide a short circuit condition
between the first throw and the second throw, and to provide
the short circuit condition to the single-pole and to the
corresponding port of the automatic calibration device.

10. The N-port automatic calibration device as claimed 1n
claim 3, wherein each single-pole, double-throw switch 1s
constructed and arranged to provide an open circuit condi-
tion between the first throw and the second throw, and to
provide the open circuit condition to the single-pole and to
the corresponding port of the automatic calibration device.

11. The N-port automatic calibration device as claimed 1n
claim 1, wherein the at least one single-pole, double-throw
switch 1s constructed and arranged to provide a through
condition between the single-pole and the second throw.

12. The N-port automatic calibration device as claimed 1n
claim 1, wherein the at least one single-pole, double-throw
switch 1s constructed and arranged to provide the load
impedance to the single-pole and to the second port of the
automatic calibration device.

13. The N-port automatic calibration device as claimed 1n
claim 1, wherein the at least one single-pole, double-throw
switch 1s constructed and arranged to provide a short circuit
condition between the first throw and the second throw, and
to provide the short circuit condition to the single-pole and
to the second port of the automatic calibration device.
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14. The N-port automatic calibration device as claimed 1n
claim 1, wherein the at least one single-pole, double-throw
switch 1s constructed and arranged to provide an open circuit
condition between the first throw and the second throw, and
to provide the open circuit condition to the single-pole and
to the second port of the automatic calibration device.

15. The N-port automatic calibration device as claimed 1n
claim 1, wherein each single-pole, double-throw switch
comprises a plurality of FET switching devices.

16. The N-port automatic calibration device as claimed 1n
claim 1, further comprising a DC blocking capacitor coupled
to the single-pole of each single-pole, double-throw switch.

17. The N-port automatic calibration device as claimed 1n
claim 1, further comprising a shunt resistance coupled to the
single-pole of each single-pole, double-throw switch.

18. The N-port automatic calibration device as claimed 1n
claim 1, wherein the at least one single-pole, double-throw
switch 1s constructed and arranged to present three reflection
standards to the second port of the N-port automatic cali-
bration device.

19. The N-port automatic calibration device as claimed 1n
claim 18, wherein the single-pole, double-throw switch 1s
also constructed and arranged to provide a through condition
between the simgle-pole and the second throw.

20. The N-port automatic calibration device as claimed 1n
claim 15 wherein said third condition biases all of said FET
switching devices to a low impedance condition and said
fourth condition biases all of said FET switching devices to
a high impedance condition.

21. The N-port automatic calibration device as claimed 1n
claim 20 wherein said single-pole, double-throw switch each
COMPrises:

first and second output arms, comprising said first and
second throws, and a common arm comprising said
single-pole,

first, second, third and fourth series FETs, each series FET
having a gate, a drain, and a source, said first output
arm at said source of said first series FET, said second
output arm at said drain of said fourth series FET, said
first, second, third and fourth series FETs arranged 1n
serics between said first and second output arms,

sald common arm at a second series node intermediate
sald second and third series FETs,

first and second parallel FETs, each parallel FET having
a gate, a drain, and a source,

a first series node connected to reference potential through
said first parallel FET, said gate of said first parallel
FET connected to a control terminal,

a third series node connected to reference potential
through said second parallel FET, said gate of said
second parallel FET connected to a control arm through
a second parallel resistive element, and

a bleeder resistive element at saixd common arm.

22. The N-port automatic calibration device as claimed 1n
claim 1 wheremn said fourth condition presents a FET
switching device 1 a high impedance state to said single-
pole.

23. The N-port automatic calibration device as claimed
claim 1 wherein said third condition presents a FET switch-
ing device 1n a low impedance state between at least one of
said throws and reference potential.
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